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ABSTRACT 
Wavy passages are one of the many devices being considered by manufacturers in the 
HV ACIR industry to increase the air-side heat transfer coefficient for a variety of heat 
exchanger applications. The purpose of this research is to obtain a better understanding of 
the flow instabilities and heat transfer in wavy passages so that design guidelines may be 
developed. Flow visualization experiments on twelve different geometries revealed the flow 
patterns and behavior in laminar wavy-channel flow. At low Reynolds numbers, there is 
evidence of macroscopic mixing between the core flow and the near-wall fluid. The onset 
location of this macroscopic mixing moves closer to the entrance of the channel with 
increasing Reynolds number. The instabilities in the cp=180° geometry appear to be 
fundamentally different from the instabilities in the cp=O° and the cp=90° geometries. A 
parametric study revealed that for a given Reynolds number, instabilities in the cp=00 and the 
cp=90° geometries occur at a farther upstream location than in the cp=180° geometries. 
Relative wavelength did not affect channel performance in the experimental range. An 
increase in the relative amplitude of the channel delayed the intial onset of instability in the 
wavy passage, but had little effect as the location of the onset of instabiltiy moved closer to 
the entrance of the channel. Heat transfer experiments confirmed that the instabilities 
observed in the flow visualization experiments enhance heat transfer. The results of this 
research may help in determining wavy channel geometries with high heat transfer rates for a 
particular application. 
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INTRODUCTION 
Due to stringent energy standards and increasing market pressure, manufacturers in the 
HV ACIR industry are trying to improve compact heat exchanger performance. In most 
HV ACIR applications, heat exchanger performance is air-side limited, and since these compact 
heat exchangers usually operate with laminar airflow, this limitation is exacerbated by 
inherently low air-side heat transfer coefficients. 
Several methods are currently employed or are being investigated to increase the 
efficiency of the air-side heat transfer of heat exchangers. They are based on two main 
principles, the restarting of the thermal boundary layer and bulk fluid mixing. Devices such as 
louvers and offset-strip fins restart the thermal boundary layer in the flow and may induce 
vortices to provide fluid mixing. This destroying and restarting of the boundary layer causes 
an increase in heat transfer by producing a thinner boundary layer. Vorticity in the flow can 
enhance heat transfer by destroying temperature gradients in the core flow - concentrating 
thermal gradients in the near-wall region. Such mixing can be effected using delta-wing vortex 
generators, surface bumps or other techniques. Jacobi and Shah [1] provide an excellent 
review and analysis of the above and many other heat transfer enhancement methods. 
The primary disadvantage of most heat transfer enhancement devices is that they 
usually involve an obstruction to divert or disrupt the flow. Such a diversion can lead to 
pressure drop penalties that outweigh the benefits of heat transfer enhancement. Rather 
recently, researchers have revisited the use of wavy channels to improve the efficiency of a heat 
exchanger. Figure 1 shows an example of this type of geometry. Unlike the methods 
discussed above, wavy channels do not directly obstruct the path of the core fluid in the device. 
Instead, they rely on shear-layer instabilities and flow impingement to exchange near-wall fluid 
with core fluid, increasing heat transfer. Such fl9W features might lead to improved heat 
transfer performance with a lower pressure drop penalty. 
1 
Flow 
~ 
Flow 
~ 
__ ..... t-cp=00 
(a) 
(b) 
(c) 
Figure 1 - Schematic of wavy passage configurations and the definition of important 
geometric parameters (depth of channel is L): (a) 0° phase shift, (b) 90° phase shift, (c) 180° 
phase shift 
As shown in Figure 1, there are a number of geometric parameters important to 
characterizing the wavy channel configuratipn. A 0° phase shift geometry (cp=00) indicates that 
the two walls of the channel are in-line with each other and there is a constant spacing between 
the channel walls At the other extreme, in a 180° phase shift geometry (cp= 180°), the walls are 
exactly one half wavelength shifted from each other, and the cross-sectional area is not 
constant. A Buckingham Pi analysis revealed the following geometric and dynamic similarity 
variables: Reynolds number based on mass flow rate (Re), phase shift (cp), relative amplitude 
(AIHmin), and relative wavelength (IJHmin). A w~de range of the parameter space for wavy 
channels was investigated through flow visualization experiments, heat transfer measurements, 
and a numerical study. 
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Extensive flow visualization experiments were performed on twelve different 
geometries in the laminar flow regime. The experiments revealed the complexity of the flows 
in these channels and disclosed how the phase shift (cp), relative wavelength (iJHmin), and 
relative amplitude (AlHmin) affect the important features of the flow. A wind tunnel was 
employed to measure the heat transfer in the wavy channels. The heat transfer experiments 
determined whether the behavior observed in the flow visualization experiments resulted in a 
higher heat transfer rate in the channel. In a companion study, Stone [2] and Voelker and 
Vanka [3] numerically investigated some of the same geometries that were experimentally 
tested. The flow structures observed in the flow visualization and the heat transfer results 
obtained are compared to the numerical study. 
The next section provides an overview of recent research of wavy channels. This 
review is followed by the research objectives and a description of the experimental setups and 
procedures for the flow visualization and the heat transfer experiments. The next two sections 
discuss the results of the flow visualization and heat transfer experiments respectively. The 
conclusions from the flow visualization experiments are compared to the heat transfer results. 
The experiments are also compared to the numerical results of Stone [2] and Voelker and 
Vanka [3]. Finally, general conclusions and recommendations are made. 
3 
REVIEW OF LITERATURE 
Goldstein and Sparrow [4] were among the first to study heat and mass transfer 
performance of a corrugated channel in laminar, transitional, and turbulent flows within a 
triangular corrugated channel. Using the napthalene sublimation method and two corrugation 
cycles, they concluded that corrugated channels are an effective heat transfer device only at 
turbulent Reynolds numbers. They found heat transfer rates improved by a factor of three over 
a straight channel, but there was an even greater penalty in pumping power. There have been 
several more experimental and numerical studies done on the triangular corrugated geometry 
[5-10] with the same general conclusions: at low Reynolds numbers there is not much heat 
transfer enhancement, but at a sufficiently high Reynlds number (generally greater than 1500) 
there is evidence of flow separation, recirculation, and reattachment which enhances the heat 
transfer of the channel over that of a straight channel. However, there is usually an even 
greater increase in friction factor. 
One way to reduce the pressure drop penalty incurred by the triangular corrugated 
channel is to round the corners of the channel into a sine wave - a wavy channel. For wavy 
channels with CP=O°, a great deal of experimental research has been done by Nishimura, et al. 
[11-13]. With flow visualization techniques, they showed that even at low Reynolds numbers 
the flow separates and a recirculation zone forms in the cavities of the channel. As the 
Reynolds number is increased above a critical value (less than 1000), these recirculation zones 
interact with the core fluid by exchanging the near-wall fluid with the fluid in the center of the 
channel. Mass transfer experiments found that this interaction directly leads to an increase in 
the heat transfer rate. Using a nine-wavelength channel, they concluded that the flow quickly 
becomes three-dimensional in nature (Reynolds number of 100) with the presence of spanwise 
and streamwise vortices. After the initial interacti<;m of the vortices with the core fluid, the 
mixing continues and becomes even more intense. 
Asako, et al. [14] numerically examined a similar geometry over a Reynolds number 
range from 100 to 1000. They concluded that this type of geometry had both lower friction 
4 
factors and Nusselt numbers than the triangular corrugated channels. The heat transfer 
enhancement was greatly dependent on the flow conditions and the geometry of the channel. 
Later, Garg and Maji [15] numerically investigated cp=00 wavy channels. The calculations 
showed evidence of significant back flow and flow reversal. The Nusselt number varied 
sinusoidally in the flow direction and was proportional to Reynolds number. 
Nishimura, et al. [16] also conducted early experimental work on the cp=180° geometry. 
Their first investigation revealed that large recirculation zones form in the troughs of the 
channel. These flow structures are much larger than the trapped vortices of the 00 phase shift 
geometry. As with the cp=00 geometry, at low Reynolds numbers (less than 300), the core 
fluid was unaffected by these recirculation zones. At higher Reynolds numbers (around 350) 
the flow becomes unsteady as these trapped vortices start to interact with the core flow. In later 
work [17], mass transfer rates were measured and found to increase remarkably when the flow 
becomes unsteady. Locally, the highest mass transfer occurred at the maximum cross section 
of the channel. Nishimura, et al. [18] also studied a variety of phase shift alignments. They 
concluded that both types of wavy channels increase mass transfer, but cp=O° geometries are 
inherently different in the way the vortices interact with the core fluid. Recently, Nishimura, et 
al. [19] studied a wavy channel and a channel with a series of circular arcs. For their particular 
geometry, they concluded that the circular-arc channel undergoes a transition to turbulent flow 
at a lower Reynolds number than the sinusoidal channel. This behavior also corresponded to a 
higher mass transfer enhancement. 
In recently reported numerical simulations, Guzman and Amon [20] solved for the fully 
developed flowfield in their two-dimensional, two wavelength domain using spectral elements. 
They chose one of the geometries used by Nishimura and coworkers; a geometry very similar 
to those investigated in the current research. Their .numerical results indicated that the critical 
Reynolds number for flow separation was about 20. They concluded that the flow becomes 
chaotic at a Reynolds number of 750. The flow was classified into four regimes: laminar, 
periodic, quasiperiodic, and turbulent. The periodic and quasiperiodic regimes are 
5 
characterized by self-sustaining oscillatory flows in which vortices in the top and bottom 
troughs of the cavities alternate in affecting the core fluid flow. This work was supported by 
their more recent three-dimensional study [21]. The numerical streamline plots reveal the same 
characteristics described by Nishimura. The three-dimensional simulations revealed the 
presence of stable three-dimensional flows that do not affect the transitional Reynolds numbers 
since the span wise waves are standing waves. 
Wang and Vanka [22] provided numerical simulations of the cp=180° geometry in which 
they solved the full time-dependent, two-dimensional Navier-Stokes equations on a curvilinear 
grid with periodic boundary conditions. They found the same flow features for this type of 
geometry that were described earlier. Above a critical Reynolds number of 180, self-sustained 
oscillations destabilize the laminar momentum and thermal boundary layers and cause an 
interaction between the near-wall fluid in the troughs of the channel and the core fluid. In this 
transitional flow regime, the heat transfer was enhanced by a factor of about 2.5, and the 
friction factor was nearly double that of a flat channel. A significant body of research related to 
wavy-channel flow and heat transfer exists, and only studies closely related to the current work 
have been discussed. Other related work is summarized in Appendix A. 
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OBJECTIVES 
Although there is a significant amount of work done on the flow behavior and heat 
transfer enhancement in wavy passages, this body of work lacks a clear and systematic 
evaluation of wavy passage performance. If wavelength, amplitude, minimum separation 
distance, phase shift, and Reynolds number are considered, the parameter space is indeed 
formidable. The objectives of this project are the following: 
1. Perform flow visualization experiments to better understand the flow behavior in wavy 
passages. 
2. Investigate the effects that wavelength, minimum separation distance, phase shift, and 
Reynolds number have on the flow behavior in a range of geometries and flow 
conditions typically encountered in HV AC/R applications. 
3 . Explore the impact of flow behavior on heat transfer performance. 
4. Compare results from these experiments to the numerical work of Stone [2] and 
VOelker and Vanka [3] to verify numerical model. 
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EXPERIMENTAL SETUP AND PROCEDURE 
A custom built closed-loop water tunnel was used for the flow visualization 
experiments. A schematic of the water tunnel appears as Figure 2. The water tunnel was made 
primarily of clear acrylic. The flow was conditioned using honeycomb and screens and went 
through a 10: 1 area contraction before entering the test section. The volumetric flow rate was 
measured to within ±1.5% using a simple bucket and stopwatch technique. Taking geometric 
and property variations into account , the overall uncertainty in the Reynolds numbers was 
4.8%. The details of the uncertainties in all of the measurements in the flow visualization 
experiments are included in Appendix D. 
(i) 
(a) Water Tank 
(b) Water Pump 
(c) Flow Control Valves 
(Ball and Gate) 
(a) 
(d) Flow Conditioning 
(Honeycomb and Screen) 
(e) 10: 1 Area Contraction (0 Dye Injection 
(g) 
(g) Test Section 
(h) Mirror (Top View) 
(i) Flow Rate Measurement 
Bucket 
Figure 2 • Schematic of water tunnel used for flow visualization experiments 
A total of twelve test sections were constructed. The geometric parameters of the test 
sections are listed in Table 1. The test sections were made of acrylic sheets by heating the 
plastic to its thermal set point and pressing the acrylic to a wavy mold. The test sections were 
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generally 12 to 14 wavelengths long. The flow visualization was performed by injecting dye at 
the flow contraction. Multiple dye streams were used to provide a better visualization of the 
flow. Initially, a straight test section-was placed in the water tunnel and the transistional 
Reynolds number based on hydraulic diameter was around 2500. A more detailed description 
of this experimental setup and procedure appears in Appendix B. 
Table 1 - Geometry of Flow Visualization Test Sections 
Test Section Hmin (mm) AlHmin AlHmin Phase Shift 
A 12.0 5.6 0.48 180° 
B 13.3 5.4 0.47 (f 
C 12.4 5.5 0.51 ~ 
D 11.5 4.8 0.53 180° 
E 13.6 4.7 0.47 (f 
F 10.3 4.9 0.52 ~ 
G 23.5 2.4 0.26 180° 
H 22.0 2.5 0.26 (f 
I 24.0 2.3 0.24 ~ 
J 23.6 2.9 0.25 180° 
-. 
K 24.0 2.9 0.25 (f 
L 25.0 2.8 0.24 ~ 
The heat transfer measurements were performed in an open-loop wind tunnel, shown 
schematically in Figure 3. The mass flow rate was determined by using a smooth, drawn 
copper pipe with pressure taps drilled 30 em apart from each other. The pressure drop across 
this tube was measured with a manometer and the mass flow rate was calculated using the 
Colebrook equation [23]. The uncertainty in this measurement was determined to be 3.1 %. 
The flow conditioning section consisted of a honeycomb and a set of screens. Then the flow 
passed through a 10: 1 area contraction to a 10 em by 1 em flow area in the test section. Upon 
9 
exiting the test section, the flow was mixed with a series of baffles. Both the upstream and 
downstream mixed-mean temperatures were measured with NIST calibrated thermometers with 
a smallest division of O.OI°C on the upstream temperature and 0.1 °C on the downstream 
temperature. 
(k)----.I 
• o 
(d) 
Flow Direction 
• 
__-- (g) 
(e) 
(a) Air Filter (e) Flow Conditioning Section (i) Baffled Exiting Section 
(b) Air Regulator (0-125 psig) (Honeycomb and 2 screens) (j) Downstream Thermometer 
(c) Drawn Copper Pipe (f) 10:1 Area Contraction (k) Variable Transformer 
(Pressure Taps 30 cm apart) (g) Upstream Thermometer (Controls Heated Walls 
(d) Manometer (h) Test SeCtion of Test Section) 
Figure 3 - Schematic of wind tunnel used for heat transfer experiments 
The test section walls were made of corrugated steel. The waves in the walls had a 
wavelength of 71 mm, an amplitude of 5.7 mm, and a total of nine wavelengths. Two test 
sections were constructed with a AlHmin of 5.5 and AlHmin of 0.50 for both 180° and 0° phase 
shifts. These two test sections were similar in dimensions to Test Sections A and B (see Table 
1) used in the flow visualization experiments. The test section walls were heated using heaters 
of nickel-chromium wire sewn into fiberglass cloth to give boundary conditions of constant 
heat flux. The heaters were controlled with a variable transformer. Wall temperatures were 
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determined by placing 21 thermocouples on the backside of the 0.4 mm thick wall in every 
peak and trough of the wall. In addition, two wavelengths had additional thermocouples 
placed at 90° and 270°. The greatest source of uncertainty came from the measurement of the 
wall temperature with the thermocouples, whose uncertainty was estimated to be ±O.25°C. 
Combined with the uncertainties in flow properties, geometry of the test sections, and power 
calculations, the average uncertainty in the local heat transfer coefficient was estimated at 9.7%. 
The largest uncertainty in the local heat transfer coefficient was 18.5%. The average and 
largest uncertainty in the local Nusselt number were 11.3% and 20.1 % respectively. The 
details of the uncertainty in all of the measurements are included in Appendix D. As with the 
water tunnel, initially a straight test section was installed in the wind tunnel and the results were 
compared to the tabular data of Hwang and Fan [24]. For their data, the Reynolds number and 
Nusselt number were based on hydraulic diameter. The results are shown in Figure 4 and the 
data collected match the curve fit to the tabular data within 12%. A more detailed description·of 
the wind tunnel construction and procedure appears in Appendix C. 
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o ReOh=752 20 .............................................. . <> ReOh = 1157 
/). ReOh=1501 
15 x ReOh=1767 
10 o 
5 ................................................................. , ............................................................... . 
o 
10-3 
Figure 4· Nux vs x* for parallel plate test section 
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The test sections were orientated in the wind tunnel in several different manners in 
order to determine if bouyancy or geometric variations significantly affected the results. The 
test sections were rotated so that the enkance and the exit were exchanged with each other. In 
addition, to examine the effects of bouyancy, the test sections were turned, so that the depth of 
the channel, L, changed from being perpendicular to the gravity vector to being parallel to the 
gravity vector. None of these changes appeared to have a significant effect on the data 
obtained, and therefore all of the data are presented as being from identical orientations. 
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FLOW VISUALIZATION RESULTS 
Typical flow visualization results are shown in Figure 5, where the onset of 
unsteadiness is plotted as a function of Reynolds number based on mass flow rate. The flow 
was deemed unsteady when there was evidence of macroscopic mixing between the core fluid 
and near-wall fluid as shown in Figure 6. The fIrst wavelength - counting in the streamwise 
direction from the inlet - where such unsteadiness was observed was taken as the location of 
the onset of unsteadiness. At very low Reynolds numbers, the flow js steady throughout the 
channel. At a critical Reynolds number, which depends on the phase shift and other geometric 
parameters, the flow becomes unsteady at a wavelength near the end of the channel. As the 
Reynolds number increases, the wavelength at which the flow fIrst becomes unsteady moves 
upstream. Eventually, at a high enough Reynolds number, the flow is unsteady in the fIrst 
wavelength. Similar trends were observed in all of the test sections. 
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Figure 5 - Data Interpretation for Test Section E 
Initially, above the critical Reynolds number where the flow fIrst becomes unsteady in 
the channel, a very small increase in Reynolds number results in a rather large change in where 
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Flow 
• 
Flow 
• 
(b) 
Figure 6 - Computer-enhanced flow visualization results for Re=521, cp=1800, ~=5.6, 
AIl\mn=O.48: (a) top view showing the onset of flow unsteadiness, (b) side view showing the 
effects of flow three-dimensionality 
Flow 
• 
Just Prior to the 
Onset of Unsteady 
Flow 
Core 
Fluid 
Figure 7 - Computer-enhanced flow visualization results for transistioning flow for Re=468, 
cp=180°, AlHmin=5.6, AIl\mn=O.48 
Flow 
• 
Steady, Trapped 
Vortex 
Core 
Fluid -
Figure 8 - Computer-enhanced flow visualization results for steady flow for Re=333, cp=900, 
AlHmin=5.5, AlH.mn=O·51 
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the flow becomes unsteady. However, once the flow becomes unsteady farther upstream in 
the channel, it takes a much larger change in Reynolds number to push the unsteadiness 
upstream. In order to interpret the results and compare different test sections, the transitional 
Reynolds numbers as the instability location changed wavelengths were determined. The 
transistional Reynolds numbers were approached from both higher and lower Reynolds 
numbers, and no hysteresis in the data was discovered. These transitional Reynolds numbers 
were fitted with a smooth curve (also shown in Figure 5 and the transitional Re for all test 
sections appear in Appendix K). The advantage of this smooth curve fit is that it clearly 
divides the graph into two distinct regions. Everywhere above and to the right of the curve, 
there is evidence of macroscopic mixing of the near-wall fluid and the core flow. Below and to 
the left of the curve, the flow is steady and stable. From a heat transfer enhancement 
perspective, the goal is to push the curve to the left and down as far as possible to increase the 
Reynolds number range where the flow is unstable. However, in assessing the potential use'of 
a wavy channel design, pressure drop must also be considered. 
Investigation of dye streaklines in the test sections revealed what is thought to be 
fundamentally different behavior in 180° phase shift geometries as compared to the 0° and 90° 
phase shift geometries. When the flow is steady in the <p=180° test sections, trapped vortices 
occupy nearly the entire trough section of the wave as shown in Figure 7. The core fluid 
moves through a passage that is only slightly smaller than the minimum separation distance, 
Hmin. and is not affected by the trapped vortices. Dye injected in the trough of the waves, 
remains in the trough until the flow becomes unsteady and mixes with the core flow. As the 
flow starts to become unsteady, dye streaklines in the core fluid start to oscillate in the plane 
perpendicular to the wavy walls a few wavelengths upstream from where the flow will 
eventually become well-mixed (see Figure 7). ~he oscillations grow until the core flow 
interacts with the shear layer between the core and the trapped vortex. At this point, a trapped 
vortex is ejected from the trough and mixes with the core flow. This vortex-ejection process 
repeats at every wavelength downstream and the result is what appears to be a well-mixed flow 
15 
downstream of the point where the flow becomes unsteady. The flow becomes unstable just 
before the minimum cross sectional area of the wavelength. In addition to the two-dimensional 
phenomena described above, there alS9 appears to be three-dimensional effects on the flow. 
Just before the flow becomes unsteady, there are also increasingly larger oscillations in the 
plane parallel to the wavy walls. 
While the unsteadiness in the 1800 phase shift geometry is the result of a shear layer 
instability, the instabilities in the 00 and 900 phase shift geometry appear to be caused by 
backflow and flow impingement. When the flow is steady, the core fluid still must tum 
through the geometry to pass through the channel. There are trapped recirculation zones in 
these geometries as well. They tend to be a smaller than the ones described above and attached 
to the leeward side of the troughs in the channel as shown in Figure 8. As the flow becomes 
unsteady, the core flow impinges on the channel wall and there is some macroscopic mixing 
between the trapped vortices and the core fluid. This behavior appears to repeat itself at every 
subsequent wavelength downstream. As with the 1800 phase shift, the flow in this geometry 
also appears to be three-dimensional with significant streakline movement in the spanwise 
direction. 
With the different flow behavior between the phase shift geometries described above, it 
is not surprising that the phase shift would, be an important variable in determining when the 
flow becomes unsteady and how far upstream this unsteadiness occurs. The importance of <p 
is shown in Figure 9. The three geometries have nearly identical parameters except for their 
phase shift. The <p=00 and <p=90° geometries become unstable at lower Reynolds numbers than 
the 1800 phase shift geometries. While the figure presented is an example of one such 
comparison, this characteristic holds true for all of the test sections. Wavelength appeared to 
have little effect on this trend. As the relative amplitude was doubled, at low Reynolds 
numbers the <p=0° and <p=90° geometries still became unstable at lower Reynolds numbers than 
the <p=180° geometries. However, near the entrance of the channels with the larger relative 
amplitudes, the phase shift did not significantly affect the performance of the channel. 
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Manufacturers would typically want to operate with the instability as close to the entrance of the 
channel as possible, and therefore may not see a difference in the performance of the different 
phase shifts under these conditions. The <p=00 and <p=90° phase shift geometries still were 
more unstable near the entrance of the channel for a broader Reynolds number range. While 
Figure 9 is an example figure, all of the figures showing the effect of phase shift. on 
performance appear in Appendix F. 
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The parameter space involved also allowed the investigation of the effects of 
wavelength. For the 180° phase shift geometry, decreasing the wavelength by 20% tended to 
make the geometry less stable. Doubling the relative amplitude of the channel exaggerated this 
effect. For the 0° and 90° phase shift geometries, wavelength did not appear to play_ a 
significant role in the performance of the test section. In general, the increase in wavelength of 
20% tended to make the test section more stable. No difference was seen in performance when 
the relative amplitude was doubled. An example of how the wavelength affects the perfomance 
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of the test section is seen in Figure 10. Appendix G has all the figures demonstrating the 
trends described above. 
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A final geometric variable that could be investigated was the effect of the relative 
amplitude of the channel. For all three phase shifts, the narrower separation distance caused 
the geometry to be initially unstable at lower Reynolds numbers. Doubling AlHmin caused an 
interesting phenomenon. The range of Reynolds numbers from the point where an instability 
appears in the channel until the instability is in the first wavelength is roughly half that of the 
narrower channel. This narrower range of Reynolds number from the onset of instability until 
the flow is unsteady in the first wavelength causes the larger relative amplitude to become 
unstable in the first wavelength either before or about the same Reynolds number as a te~t 
section whose separation distance is only half as w.ide. The flow behavior for two different 
sets of test sections is shown Figure 11 and Appendix H has figures showing this effect for all 
test sections. 
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The flow visualization experiments revealed another aspect of the flow behavior. The 
flow did not appear to separate in Test Section G. This test section had a 1800 phase shift, 
IJHmin of 2.4, and AlHmin of 0.26 (see Table 1). When the flow was steady, a dye streakline 
place along the wall, actually followed the wall contour and did not mix with adjacent 
streaklines. When the flow became unsteady, the dye streaklines broke up, but remained in 
long strands. In other words, there was little evidence of macroscopic mixing. This type of 
unsteadiness may not greatly enhance the heat transfer in the channel. 
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HEAT TRANSFER RESULTS 
There are two important factors affecting heat transfer in wavy channels: conventional 
flow development and wavy-channel- effects. Typical heat transfer results are shown in 
Figures 12-15, where the local heat transfer coefficient in the cp=00 test section is plotted versus 
location from the leading edge of the channel for four different Reynolds numbers. The flow is 
hydrodynamically and thermally developing as it enters the channel. The length scale for this 
developing flow field is directly related to Reynolds number. Therefore, at higher Reynolds 
numbers, a longer streamwise distance is required for developed flow. The initial heat transfer 
enhancement due to the thin thermal boundary layer at the entrance of the channel is reflected in 
Figures 14 and 15. The lowest Reynolds number cases, shown in Figures 12 and 13, are 
already developed by the time the measurement region is reached*. This developing region 
enhancement in heat transfer at higher Reynolds numbers is also reflected in the flat channel 
(see Figure 4). 
-.. 
-.. 
~ 
* N 
E 
'-' 
...... 
~ 
'-' 
>( 
..c 
45 
40 
35 
! . . . . !. 
............. · .. ·r .. ·· .. ··· .. ·· .. ·r················j"········ .. · .. ··-r-.... ············r···· .. ···· ...... j"······ .. ····· .. · 
··················j········· __ ·······r···--·_-_········r···--············f·················r····--········_-·r······----······· 
30 
25 
20 
jL'I+'~r-
rII;::~I 
15 
10 
.. · ........ · ...... [ ................ · ................. · .. 1" ........ · ...... ·f ................ ·~· ...... · ...... 1 ................ .. 
...... · .... · ...... ~ ............ · .... ·:· .. · .. · .......... ~ ................ · ... · ... ·.·t ................. ! ................ .. 
5 
0.00 0.10 
• ~ •• ~ •• ! ! ! 
0.20 0.30 0.40 0.50 0.60 0.70 
x (m) 
Figure 12 - hx versus distance from leading edge of the 0° channel for Re=108 
* For the cases shown in Figures 12 and 13, the first measurement is recorded at x* 
(xIHmin/Re) =4.05E-2 and 2.70E-2 respectively 
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Figure 15 • hx versus distance from leading edge of the 00 channel for Re=788 
There is also a heat transfer enhancement due to the geometry of the wavy channel. As 
shown in Figures 12-14, there is a rise in the local heat transfer coefficient at the end of the 
channel. This type of enhancement is not present in the flat channel (see Figure 4). As the 
Reynolds number is increased, the onset location of wavy-channel heat transfer enhancement 
moves closer to the e.ntrance of the channel. Eventually, as shown in Figure 14, the heat 
transfer enhancement due to the geometry of the wavy channel and the heat transfer 
enhancement due to the simultaneously developing flow start to interact with one another. It 
then becomes inceasingly more difficult to determine which type of enhancement is dominating 
the flow (see Figure 15). Figures 12-15 only show the local heat transfer data for selected 
Reynolds numbers. The complete set of data are shown in Appendix I, and the raw data for 
the test runs appear in Appendix L. The trends in heat transfer enhancement for the <p=00 test 
section are also shown in Figure 16, where the local Nusselt number is plotted versus x*. 
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shift geometry 
The values of the local heat transfer coefficient (Figures 12 and 13) and local Nusselt 
number (Figure 16) for Reynolds numbers less than 200 should be treated with caution. At 
such low Reynolds numbers, the power supplied to the heaters (around 1.5 W) approaches the 
test section heat losses to the environment'(around 0.5 W). For Reynolds numbers less than 
200, the energy balance between the power supplied the heaters and the heat gained by the test 
section airstream is only around 20% (There was an energy balance within 5% for all other 
cases [see Appendix C].). The combination of the low power supplied to the heaters and low 
Reynolds numbers also reduces the temperature difference betweeen the. heated walls of the 
channel and the airstream to a value (around 0.5 °C) which approaches the accuracy of the 
thermocouples along the wall of the channel. Therefore, the uncertainty in the local heat 
transfer coefficient may exceed 30% at these locations. However, the trends in the data are 
physically reasonable. 
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The same heat transfer enhancement trends are present in the cp= 1800 test section. At 
the entrance of the channel, there is a heat transfer enhancement due to the hydrodynamically 
and thermally developing flow. At the exit of the channel, there is a heat transfer enhancement 
due to the instabilities caused by the geometry of the channel. The length scale for both types 
of heat transfer enhancements is a function of Reynolds number. The local Nusselt number is 
plotted versus x· for several Reynolds numbers in Figure 17, while the local heat transfer data 
appear in Appendix] and the raw data appear in Appendix M. 
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Figure 17 - Local Nusselt number versus x· for selected Reynolds numbers and the 1800 
phase shift geometry 
Comparing the performance of the two test sections, there does not appear to be a 
significant difference between the two different phase shift geometries, although with such a 
limited geometric parameter space, it is difficult to draw any definite conclusions. 
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DISCUSSION 
The heat transfer experiments confirm that instabilities observed in the flow 
visualization experiments cause a heat transfer enhancement in the wavy channels. In addition, 
the flow visualization and heat transfer results showed that an increase in Reynolds number 
moved the instabilities closer to the entrance of the channel. The 00 test section in the heat 
transfer experiments was most closely related to Test Section B in the flow visualization 
experiments. The approximate wavelength location at which there is an increase in the local 
heat transfer coefficient is plotted in Figure 18 with the onset of instability in Test Section B as 
determined through flow visualization. The trends for both experiments are identical, but the 
flow visualization experiments predict the onset of instability at a position closer to the entrance 
of the channel than that at which the heat transfer experiments show an increase in the 
convection coefficient. The flow observation techniques indicate where there is evidence of the 
start of macroscopic mixing. The effect on local heat transfer may occur at a wavelength 
number (or two) upstream or downstream of this location. Futhermore, it is difficult to 
determine the initial location of wavy-channel heat transfer enhancement at high Reynolds 
numbers, because of interaction with the heat transfer enhancement of the developing entrance 
flow (see Figures 14 and 15). 
The <p= 1800 test section in the heat transfer experiments was most closely related to Test 
Section A in the flow visualization experiments. A comparison between the onset of instability 
in Test Section A and the approximate location of heat transfer enhancement due to the 
geometry of the wavy channel is shown in Figure 19. As with the cp=00 geometry, the trends 
in the data for the heat transfer experiments and the flow visualization experiments are the 
same. The heat transfer experiments for the 1800 phase shift geometry match the flow 
visualization observation more closely than the similar comparison for the cp=O° geometry 
discussed above. 
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Test Section D in the flow visualization experiments was nearly identical to the 
geometry in the numerical study of Stone [2]. Stone solved the two-dimensional unsteady 
momentum and energy equations for the 1800 phase shift geometry for both developing and 
fully-developed flow conditions for five different Reynolds numbers. His developing flow 
geometry consisted of a flat entrance section, fourteen wavelengths, and a flat exit section. The 
flow patterns shown in their streamline plots for both steady and transistioning to unsteady 
flow are similar to the flow patterns observed in the flow visualization experiments. However, 
at intermediate Reynolds numbers (around 500), the numerical simulations predict a periodic 
behavior in the unsteadiness of the flow. The wavelengths near the entrance of the channel 
remained steady at all times. The intermediate to exiting wavelengths periodically shifted from 
steady to unsteady flow. The farther downstream the wavelength, the longer period of time the 
flow remained unsteady in the cycle. This periodic behavior was not observed in the flow 
visualization experiments. 
The wavelength position for the onset of unsteadiness is plotted as a function of 
Reynolds number in Figure 20, where the experimental data for Test Section D are provided 
for comparison. The numerical simulations predict trends similar to the flow visualization 
experiments, but the flow visualization experiments demonstrated unsteadiness at a location 
closer to the inlet of the channel for a give~_ Reynolds number. There could be several reasons 
for the discrepancy. The first was mentioned above in the heat transfer experiment 
comparison, and it deals with the nature of the unsteadiness observation. The flow was 
considered unsteady in the flow visualization experiments when there was evidence of 
macroscopic mixing between the bulk fluid and the vortices trapped in the cavities of the 
channel. This location may not coincide with the exact location of the increase in heat transfer 
or the transistion to unsteady flow. A second reason for the descrepancy may be that the 
entrance length section in the numerical simulation would cause a different inlet velocity profile 
between the experiments and the simulation. This difference in velocity profile might also 
affect the location of the onset of instability. Another possible reason is that there may have 
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been a geometric flaw in the experimental test section such as a burr which destabilized the 
flow. Finally, the numerical simulations are two-dimensional, and the flow visualization 
experiments revealed that three-dimensional affects may be important. 
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observations in Test Section D and numerical simulation of Stone 
The cp= 1800 test section in the heat transfer experiments was not identical to the 
geometry studied by Stone, but the trends in the data are similar. Both experimental results and 
numerical calculation find that the heat transfer increases when the flow is unsteady. An 
increase in Reynolds number increases the amount the enhancement as well as "pushes" the 
onset location of the enhancement further upstream. 
For his parametric study, Stone used a single wavelength channel and periodic 
boundary conditions. For given geometric parameters and inlet.flow conditions, the periodic 
boundary conditions were used to determine whether or not an infinitely long channel would 
transistion to unsteady flow. He found that a change in wavelength did not significantly affect 
the Reynolds number at which the flow became unsteady. Wavelength also did not affect the 
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performance of the channel in the flow visualization experiments. Stone also discovered that 
an increase in the relative amplitude of the channel resulted in a higher minimum Reynolds 
number for unsteady flow. He perfonned a developing flow calculation to investigate the 
effects of this geometric parameter, and they concluded that increasing the relative amplitude 
increased the stability of the flow in the channel. A comparison of this result to the flow 
visualization experiments is complicated. The flow visualization experiments concurred with 
the numerical simulations in that an increase in the separation distance delays the initial onset of 
instability in the channel to a higher Reynolds number. However, the flow visualization 
experiments showed that at higher Reynolds numbers, the wider relative amplitude became 
unsteady at a Reynolds number that was about the same as or less than a passage with a 
AlHmin half as wide. 
Using a similar computer code and boundary conditions, numerical simulations on a 
passage with a 0° phase shift were performed by Voelker and Vanka [3]. Once again, the 
streamline plots of the steady and unsteady flow behavior are remarkably similar to the dye 
streaklines observed in the flow visualization study. The developing flow simulation showed 
that the flow was completely steady in the passage at low Reynolds numbers. As the Reynolds 
number was increased, an instability appeared in the channel near the exit of the channel. As 
the Reynolds number was increased furt~er, the instability moved up the channel. This 
dependence on Reynolds number is the identical flow behavior observed in the flow 
visualization experiments. Similar to the 180° phase shift geometry, Voelker and Vanka 
observed a transitional stage in the flow behavior where the flow becomes periodic. 
Comparing the work of Voelker and Vanka to Stone, the 0° phase shift geometries became 
unsteady at a lower Reynolds number than the 180° phase shift geometries. This effect of 
phase shift on channel performance was supported by the results of the flow visualization 
experiments. The only geometric parameter investigated numerically for the 0° phase shift 
geometry was the effect of relative amplitude. Periodic boundary conditions were used. 
V oelker and Vanka concluded, similar to the flow visualization experiments, that the narrow 
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separation distance initially transistions to unsteady flow at a lower Reynolds number than a 
wider separation distance. 
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SUMMARY AND CONCLUSIONS 
The flow behavior and heat transfer characteristics for wavy channels in laminar flow 
were investigated with flow visualization and heat transfer experiments. The flow visualization 
experiments allowed for an extensive study of the effects of geometric and dynamic parameters 
important in wavy-channel flows. The heat transfer experiments verified that the instabilities 
observed in the flow visualization experiments caused a heat transfer enhancement. 
The following conclusions can be drawn from this project: 
1 . Even when the approach flow is steady and uniform, flow is unsteady and unstable in 
wavy channels in the laminar flow regime. Unsteadiness first appears at the end of 
the channel and eventually moves upstream to the first wavelength with increasing 
Reynolds number. 
2. In the q>= 1800 geometries, the flow separates from the channel walls at very low 
Reynolds numbers and vortices are trapped in the troughs of the channel for steady 
flow. The flow becomes unsteady when the shear-layer between the trapped vortices 
and the core fluid becomes unstable. 
3 . In the q>=00 and q>=90° geometries, the flow also separates from the channel walls at 
very low Reynolds numbers and standing vortices form in the channel. Macrosopic 
mixing occurs due to core flow impingement and interaction with the trapped vortices. 
4. Phase shift plays an important role in the stability of the channel flow. For a given 
Reynolds number, the q>=0° and q>=90° geometries are unsteady farther upstream than 
the q>= 1800 geometry. 
5. In the range of parameter space studied (A/Hmin between 2.3 and 5.6), relative 
wavelength, A/Hmin, did not playa significant role in the stability of the wavy 
passage. 
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6. Relative amplitude, A/Hmin, plays an important role in the stability of the wavy 
channel at low Reynolds numbers. A larger relative amplitude delays the intial onset 
of instability in the channel. At higher Re, the effect of relative amplitude diminishes 
significantly. 
7. There is a heat transfer enhancement due to the geometry of the wavy passage for 
laminar flow. The location of the onset of this heat transfer enhancement is a function 
of Reynolds number; as the Reynolds number is increased the location of wavy-
channel heat transfer enhancement moves closer to the entrance of the channel. 
8 . At high enough Reynolds numbers to move the location of the onset of unsteadiness 
near the entrance of the channel, the heat transfer enhancement due to the geometry of 
the wavy channel interacts with heat transfer enhancement due to nonnal development 
effects. 
9. The heat transfer experiments confinned that the instabilities observed in the flow 
visualization experiments result in a heat transfer enhancement in wavy-channel 
flows. Therefore, the flow visualization experiments are a powerful tool in the 
development of geometries with high heat transfer rates for a particular application. 
1 O. The flow behavior and characterispcs observed in the flow visualization experiments 
are the same as those described by Stone (cp=1800) and Voelker and Vanka (cp=00) in 
the results of their numerical simulation of the same geometries. 
1 1. The heat transfer characteristics of the cp= 180° test section match those of Stone. 
12. The numerical model of Stone and VOelker and Vanka, based on a comparison to the 
heat transfer and flow visualization experiments, is a useful tool in predicting the flow 
and heat transfer behavior in wavy passages. 
This research represents a significant step in understanding and characterizing the flow 
in wavy passages. The parameter space in wavy-channel flows is extensive and needs to be 
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explored more thoroughly before an optimum geometry for specific conditions in an application 
can be determined. In addition, the pressure drop penalty incurred by the use of wavy 
passages must also be quantified in order to determine the overall benefit of any geometry. 
Finally, testing of wavy passages in a full-scale heat exchanger needs to be performed to 
evaluate real-world considerations such as manufacturing effects, frosting and fouling. 
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APPENDIX A: REVIEW OF RELEVANT LITERATURE 
The evaluation of the performance of wavy passages either experimentally or 
numerically, has only been explored rather recently. The following sections provide an 
overview of research that has been done in connection with the current research. Most of the 
work has been done in the heating, air-conditioning and refrigeration and the medical 
industries. The first section briefly discusses similar alternative airside heat transfer 
enhancement methods. This section is followed by a literature review of channels with a single 
wavy wall, triangular corrugations, 00 sinusoidal walls, converging-diverging conical walls, 
and 1800 sinusoidal walls. 
A.l Alternative Air-Side Heat Transfer Enhancement Devices 
In most heat exchangers, the airside heat transfer is the limiting factor in the 
performance of the device. For this reason, a lot of research has concentrated on improving 
this limiting aspect of the system. Some of the more common methods to enhance airside heat 
transfer, are the addition of plain, louvered, or off-set strip fins and vortex generators. Jacobi 
and Shah [1] provide an excellent discussion of all of these methods as well as a detailed 
description of the physics behind the inten~~tion between these devices and the fluid flow. All 
of the heat transfer enhancement devices involve obstructing the flow in one way or another. 
This obstruction of the flow has been proven to destroy the thermal boundary layer, thereby 
increasing the heat transfer. However, by obstructing the flow, the pressure drop penalties 
may be excessively high. Wavy channels may increase the heat transfer with the formation of 
vortices, but may also have a much lower pressure drop than the other geometries since wavy 
channels do not obstruct the path of the fluid flow. 
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A.2 Geometries with a Single Wavy Wall 
Greiner, et al. [25] looked at a geometry where only one of the walls was corrugated. 
They found that there were free shear layers along the top of the corrugations and trapped 
vortices in the troughs of the corrugated walls. As Reynolds numbers were increased, these 
vortices become stronger and start to affect the stability of the main core flow. With their water 
tunnel experiments, they also observed an oscillatory behavior in the flow in the Reynolds 
number range of 1200 to 4800. The combination of these effects produces a heat transfer 
augmentation of greater than 10 percent over a flat plate in this range. 
In later work on the same geometry, Greiner, et al. [26] found that the flow in this type 
of geometry quickly becomes three dimensional and the velocity and temperature fields develop 
much more rapidly than they do in flat ducts. In an even more recent work, Greiner, et al. [27] 
added a recovery section with no corrugations downstream of the test section, and found that 
the unsteadiness in the flow persists greater than 20 hydraulic diameters downstream of the test 
section. 
Using numerical methods, Patel et al. [28] looked at both a wall with a single cavity 
and multiple cavities in the laminar flow regime. Streamline plots of the single cavity show a 
separation of the flow over the cavity and a formation of a large vortex in the cavity. The same 
phenomenon was also observed in the duct with multiple cavities. For the Reynolds numbers 
considered, the flow was steady in both ducts. By investigating the cavity depths, they 
conclude that for deep enough cavities the flow would become unsteady. 
Saniei and Dini [29] looked at a channel where the bottom wall was sinusoidal in 
nature. Both local and average Nusselt numbers were calculated in the turbulent regime over 
four Reynolds numbers. This channel had higher average Nusselt numbers than a flat channel. 
The maximum local Nusselt number is located upst~eam of the peak of each wave. A wall with 
seven wavelengths was used and the second wavelength had the highest heat transfer 
coefficients. Downstream of this wave, the flow is periodic in nature and the Nusselt number 
remains nearly constant. 
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The most recent work done on this type of geometry was performed by Tanda and 
Vittori [30]. The geometry considered for their numerical simulation was a channel with 
successive recursive arcs. The numerical simulation solved for periodic, fully developed 
thermal and flow fields. They applied a constant heat flux on the wavy wall. They also found 
that the flow separated over the wavy-wall side of the duct. The recirculation zone increased 
with both Reynolds number and cavity depth. They conclude that the pressure drop for their 
geometry is always greater than that predicted for a straight duct. The heat transfer in the duct 
is only higher for the enhanced geometry at the higher Reynolds numbers (Reynolds numbers 
greater than 400). 
A.3 Triangular Corrugated Channels 
Goldstein and Sparrow [4] investigated a triangular corrugated geometry using the 
naphthalene sublimation technique. Their geometry is quite similar to the 0° phase shift 
geometry studied in this research, except that the walls are not sinusoidal in nature, but 
triangular. They performed heat transfer experiments on a two corrugation cycle over both 
laminar and turbulent regimes. They found a variety of complex flow phenomena such as 
secondary flows and flow separation and reattachment. They concluded that corrugated 
channels are an effective heat transfer device at low turbulent Reynolds numbers with heat 
transfer rates increasing by a factor of three. However, they saw an even greater penalty in 
pumping power with the friction factor increasing by a factor of 3.5. 
O'Brien and Sparrow [5] did further work on a similar geometry using a water tunnel 
for flow visualization in addition to heat transfer experiments. They found the presence of 
recirculation zones on the rearward faces of the triangular grooves. Their heat transfer 
experiments showed a heat transfer enhancement of a factor of 2.5 over parallel plates. They 
also found that the friction factor over the Reynolds number range studied (1500 to 25,000) 
was independent of Reynolds number and had a value of 0.57. As a continuation to this work, 
Sparrow and Comb [6] did the same type of investigation on a geometry that had a 45 percent 
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increase in inter-wall spacing. They found that the recirculation zones were larger for this 
geometry and that this corresponded to a 30 percent increase in heat transfer enhancement. 
However, the friction factor was more than doubled and remained a near constant over the 
entire range of Reynolds numbers studied. 
Amano, et al. [7] used a full Reynolds-stress model to numerically model the flow and 
heat transfer characteristics of a corrugated triangular channel. They numerically investigated 
the same geometry as the experiments of O'Brien and Sparrow [5]. Amano, et al. focused on 
the turbulent Reynolds number regime and found agreement within 30 percent for heat transfer 
calculations as compared to O'Brien and Sparrow for the Reynolds number range of 2000 to 
20,000. The flow field of their two corrugation cycle channel predicts recirculation zones in 
the channel. They found that the addition of fins in the passage produces a much more 
complex flow, but does not significantly affect the heat transfer rate. 
Asako and Faghri [8] also used a numerical procedure to determine the flow behavior in 
a triangular corrugated channel. They used a finite volume methodology on a transformed grid 
to solve for fully-developed heat transfer coefficients, friction factors and streamlines for 
Reynolds numbers between 100 and 1000. They have only one corrugation cycle in their 
domain. The parameter space included a range of pitch angles and channel spacings. As with 
previous experimental work, they found t9at recirculation zones form at a critical Reynolds 
number. These trapped vortices eventually become large enough and are injected into the core 
fluid flow. 
Ali and Ramadhyani [9] also performed flow visualization and heat transfer 
experiments on triangular corrugated channels. Their experiments were done with water on a 
test section of five corrugation cycles and two different channel spacings. They saw evidence 
of longitudinal vortices at low Reynolds numbers (around 500 based on hydraulic diameter) 
and span wise vortices at higher Reynolds numbers. They found that the flow both impinges 
on and is deflected by the corrugations. This deflection and impingement interrupts the thermal 
boundary layer and causes the formation of the streamwise and spanwise vortices. Heat 
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transfer experiments revealed that for Reynolds numbers greater than 1500, a 140% and 240% 
increase in Nusselt number compared to parallel plates for the narrower and wider channel 
spacing respectively. However the respective friction factor increases were 130% and 280%. 
Choi, et al. [10] looked at slightly different geometry. Instead of triangular 
corrugations, their test section consisted of a series of right-angle turns. They measured mass 
transfer rates using the naphthalene sublimation method. By investigating the local heat 
transfer coefficients, they determined that there was flow separation and reattachment in this 
geometry. They also state that the flow became periodic after the fifth period. However, once 
again, these researchers found that the increase in heat transfer is offset by an extremely large 
pressure drop. 
A.4 0° Sinusoidal Channels 
Results from work on triangular corrugated channels showed that this type of geometry 
had potential for significant heat transfer enhancement over a straight channel. However, the 
results also showed an even greater increase in the pumping power penalty. This increase in 
the pumping power led some investigators to look at a similar geometry, except using 
sinusoidal walls in order to reduce this penalty. 
Snyder, et al. [31] looked at a wavy channel with circular arcs instead of sinusoidal 
curves following a geometry presented by Kays and London [32]. This geometry was chosen 
in order to minimize flow separation. They measured heat transfer rates and pressure drops in 
a fully-developed thermal region over a Reynolds number range of 250 to 10,000. They found 
that their geometry had an increase in heat transfer rate by a factor of 9 in air and 14 in water. 
Asako, et al. [14] continuing the numerical work that started on triangular corrugated 
channels (see Asako and Faghri [8] above) looked at a corrugated duct with rounded comers 
with a finite volume approach on a transformed grid. The walls for this duct were 
approximated using a cosine function. One wavelength and fully-developed flow was 
considered over a Reynolds number range of 100 to 1000. They concluded that this geometry 
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had both lower friction factors and Nusselt numbers than the triangular corrugated channels 
and out performed a straight channel. The amount of enhancement was greatly dependent on 
the flow conditions and the geometry of the channel. 
Garg and Maji [15] also looked at a finite-difference solution for laminar viscous flow 
in a wavy channel. Garg and Maji used a staggered grid and a semi-implicit solution to obtain 
their solutions. For their research, the Reynolds number varied from 100 to 500 and the wall 
pitch ratio was varied. They found evidence of backflow and flow reversal. The Nusselt 
number varied sinusoidally in the flow direction and was proportional to Reynolds number. 
The most extensive experimental work done in this area has been done by a research 
group led by Nishimura. In the group's first work, Nishimura, et al. [11] looked at one 
geometry over both laminar and turbulent regimes. In the laminar flow range, a large 
recirculation vortex forms in the cavities of the channel. The flow is two-dimensional and there 
is nearly no enhancement of heat transfer as compared to a flat plate. However, in the turbulent 
regime, the separated shear layer between the recirculation vortex and the core fluid starts to 
affect the core flow with the formation of a transverse vortex. In addition, they also see the 
presence of a longitudinal vortex, causing the flow structure to become three-dimensional. 
According to Nishimura, this three-dimensional structure is accompanied by a "remarkable 
increment of mass transfer rate." In further, work, Nishimura, et al. [12], looked at a geometry 
with much narrower channel spacing. They concluded that no recirculation zone appeared in 
the channel and the flow did not separate. Even though the flow was three-dimensional, they 
did not predict a similar increase in mass transfer rate. Finally, Nishimura, et al. [13] 
concentrated on low Reynolds number flows (50 - 500). They observed that the flow can 
become three-dimensional for a Reynolds number as low as 100. The presence of vortices in 
the channel interact with the core flow and cause a transition to turbulent flow. The interactions 
become more intense as flow moves downstream and the mass transfer enhancement also 
increases. 
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Oyakawa, et al. [33] investigated a similar geometry in order to determine an optimal 
channel spacing. They found that the channel spacing to be the most important parameter in 
increasing the heat transfer. They only looked at three different channel spacings and found the 
middle one produced the greatest heat transfer enhancement. 
A.5 Converging-Diverging Channels 
Sparrow and Prata [34] focused their research on conical converging-diverging 
channels using both numerical and experimental methods. They focused on the laminar regime 
with Reynolds numbers ranging from 100 to 1000 for different aspect ratios and taper angles. 
They concluded that there was very little heat transfer enhancement over a straight tube and 
pressure drops were substantially higher. They did have excellent agreement between their 
experiments and the numerical analysis. 
Mendes and Sparrow [35] continued the research on this geometry. However, this 
investigation covered a turbulent Reynolds regime from 6000 to 70,000. Using flow 
visualization (oil-lampblack) and mass transfer (napthalene sublimation) experiments they 
looked at different aspect ratios and taper angles for the conical sections. They saw significant 
back flow, recirculation zones, and flow separation in the channels. These phenomena resulted 
in an increase in the heat transfer coefficient for this geometry over a straight tube. The largest 
taper angle resulted in the highest heat transfer rates. These higher heat transfer coefficients 
were accompanied by large pressure drops, but comparison to straight tubes still revealed an 
overall enhancement for the converging-diverging channel. 
A .6 1800 Sinusoidal Channels 
One of the first works done on this type of geometry was a numerical study !>y 
Vajravelu [36]. Vajravelu separates the governing equations on the flow into two parts, a mean 
part and a perturbed part. The mean part is similar to Poiseuille flow, and the perturbed part is 
the contribution of the wavy-walls. A range of geometric parameters is investigated for a 
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variety of phase angles, 0°, 90°, 180° and 270°. He concluded that this geometry does induce 
backflow. 
As with the 0° phase shift geometry, the majority of publications on 180° wavy wall 
channels have come from the research group led by Nishimura. They first investigated this 
geometry in 1984 [16]. Looking at a single geometry, they performed flow visualization 
experiments as well as measured local wall shear stress and pressure drops. They 
encompassed a Reynolds number range of 100 to 10,000. Nishimura, et al. found that a 
trapped vortex formed in the troughs of the channel. At very low Reynolds number flow, they 
found that this zone did not affect the core fluid flow in the center of the channel. However, 
for Reynolds numbers greater than 670, the "mainstream is violently-disturbed[sic] by the 
unsteady vortex motion." Pressure drop measurements revealed that the friction factor varied 
inversely with Reynolds number in the laminar regime, but was constant in the turbulent 
regime for both water and 40% glycerol. A finite difference code reflected the same trends as 
the experiments. As a follow-up to this experiment, Nishimura, et al. [17] also measured the 
mass transfer characteristics for the same channel geometry. The results of this part of the 
experiment revealed that there was little mass transfer enhancement in the laminar regime, but 
the enhancement increased remarkably in the turbulent regime. Locally, the highest mass 
transfer occurred at the maximum cross section of the channel. 
Continuing their work in 1987, Nishimura, et al. [18] next investigated oscillatory flow 
in wavy channels. This pulsatile flow was chosen to reflect the type of flow present in 
membrane oxygenators used in the medical industry. For this experiment, the group looked at 
three different phase angles, 0°, 90°, and 180°. The flow characteristics and mass transfer 
enhancement in the wavy channels were highly dependent on Reynolds number. For all three 
geometries, they found flow separation and the formation of recirculation vortices. However, 
they also note that this vortex interaction with the core fluid is inherently different for the 180° 
phase shift geometries as compared to the 0° and 90° phase shift geometries. The mass transfer 
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enhancements seen by the research group directly corresponded to the vortex ejection into the 
core flow. 
Their most recent work in this area compares the performance of a wavy-walled 
channel to a channel that consists of a series of arcs [19]. Nishimura, et al. looked at a 
Reynolds number range of 20-300. For both geometries, they found three-dimensional flow 
structures and flow separation. However, the channel made with a series of circular arcs 
transitions to turbulent flow at a lower Reynolds number than the sinusoidal channel. This 
earlier transistion to turbulent flow in the circular-arc channel also corresponds to higher mass 
transfer rates for this geometry. 
Stephanoff, et al. [37] also investigated the geometry of a channel whose walls were a 
series of circular arcs. The paper was a companion to a numerical study performed by Sobey 
[38] discussed below. They performed flow visualization experiments of oscillatory flow and 
found that vortices form in the troughs of the channels as the flow accelerates. As the flow 
decelerates, these vortices are ejected into and interact with the core fluid. In a later work, 
Stephanoff [39] investigated steady flow in an identical geometry. It was concluded that there 
is a critical Reynolds number, above which there is an exchange of fluid between the trapped 
vortices in the trough and the core fluid flow. It was postulated that this will result in higher 
mass transfer rates in these regions. 
In a companion study, Sobey [38], looked at both a wavy channel and the channel with 
the successive recursive arcs. A single channel was considered as the domain, and the time-
dependent two-dimensional Navier-Stokes equations are solved. For steady flow, there is a 
critical number at which the flow separates and a vortex forms in the trough of the wave. 
Eventually, this vortex becomes large enough to affect the core flow. In unsteady flow, the 
flow separates and reattaches periodically. Sobey [40,41] continued this work by investigating 
oscillatory flow for a wide range of phase angles. The major conclusion of this research was 
that the trapped vortices grow in size as the flow decelerates. Flow visualization supported 
some of the calculations. 
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In another numerical investigation, Garg and Maji [42] solved a two wavelength 
domain with a finite difference solution. The boundary conditions were a constant enthalpy on 
the walls. They found that the flow -separated at a Reynolds number of 400 and the flow 
separation region grows with Reynolds number and wall amplitude. As with their numeric 
study on the 0 0 phase shift geometry, they concluded that the Nusselt number varies 
sinusoidally down the passage and increases with Reynolds number. 
The most recent work in this area has been the numerical simulations of Guzman and 
Amon [20]. They solved the fully developed flowfield in their two-dimensional, two 
wavelength domain using spectral elements. The geometry investigated is quite similar to that 
of Nishimura [16] and the work presented in a later section. Their numerical results reveal that 
the transition process from steady to unsteady flow is similar in nature to that described by the 
Ruelle-Takens-Newhouse theory and they divide the flow behavior into four distinct 
categories: steady, periodic, quasiperiodic and chaotic. The critical Reynolds number for flow 
separation is around 20. The flow becomes chaotic at a Reynolds number of 750. The 
periodic and quasiperiodic regimes are characterized by self-sustaining oscillatory flows in 
which the vortices from the top and bottom troughs of the cavities alternate in affecting the core 
fluid flow. 
In a later work, Guzman and Amop [21] focus their efforts on calculating dynamical 
system parameters for the same geometry discussed above. They employ the dynamical 
system techniques of pseudophase spaces, Poincare maps, autocorrelation functions, fractal 
dimensions, and Eulerian Lyapunov exponents to characterize the four regimes of laminar, 
periodic, quasiperiodic, and chaotic flow. They also generate streamline plots to map out the 
four regimes for Reynolds numbers between 10 and 850. The dynamical system techniques 
support their division of the flow regimes int~ those four distinct categories. Three-
dimensional simulations reveal the presence of stable three-dimensional oscillatory flows that 
do not affect the transitional Reynolds numbers since the span wise waves are standing waves. 
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It was the numerical simulations of Wang and Vanka [22] that provided the impetus for 
the current research. Using periodic boundary conditions, they solved the full time-dependent 
Navier Stokes equations on a curvilinear grid. The fully-developed steady state solution for 
their geometry was computed. They found the same flow streamlines and streaklines as 
Nishimura, et al. for the same geometry over a range of laminar Reynolds numbers. They 
found the critical Reynolds number for self-sustained oscillatory flow to be 180. These self-
sustained oscillations destabilize the laminar and thermal boundary layers and cause an 
interaction between the near-wall fluid in the troughs of the channel with the core fluid. While 
the flow was steady, there was little heat transfer enhancement compared to that of a flat duct. 
However, in the transitional flow regime, the heat transfer enhancement was about a factor of 
2.5 and the friction factor increases by a factor of 2 over the performance of a flat plate. 
Stone [2] and Voelker and Vanka [3] continued this numerical simulation by 
considering different geometries and phase angles, as well as developing flow. This served" as 
a companion to the current research and it is discussed in the main body of this work. 
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APPENDIX B: FLOW VISUALIZATION EXPERIMENTAL 
APPARATUS AND PROCEDURE 
The flow visualization portion of the experiments was done with a water tunnel which 
is shown in Figure B.I. The system was pseudo-closed loop. The water was supplied from a 
large basin which had a capacity that was many times larger than the rest of the loop in the 
water tunnel. This reduced the number of times that the water in the system had to be 
completely replaced due to the dye discoloring the water to the point where it was difficult to 
see the dye streaklines in the test section. 
(i) 
(a) Water Tank 
(b) Water Pump 
(d) 
(c) Flow Control Valves 
(Ball and Gate) 
(e) 
(a) 
(d) Flow Conditioning 
(Honeycomb and Screen) 
(e) 10: 1 Area Contraction 
(f) Dye Injection 
(g) 
(g) Test Section 
(h) Mirror (Top View) 
(i) Flow Rate Measurement 
Bucket 
Figure B.1 - Schematic of water tunnel used for flow visualization experiments 
The flow was driven by a magnetic drive pu~p which had a maximum flow rate of 102 
liters per minute (5 gallons per minute) with 4.6 meters (15 feet) of head pressure. The flow 
was controlled by a in-line ball valve and a gate valve in a recirculation line. The ball valve 
provided gross control of the flow, while the gate valve acted as a "fine-tuner" to the flow. 
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The flow conditioning section of the water tunnel had a cross section of 10 cm by 10 
cm (3.94 in by 3.94 in) and was constructed out of 0.635 cm (0.25 in) acrylic sheet. Flow 
conditioners were installed as recommended by NASA [43,44] to obtain a steady laminar flow. 
A 0.32-cm-cell (0.125 in) honeycomb piece that was 5 cm (1.97 in) thick was installed 20.3 
cm (8 in) upstream of the screen. The screen mesh was 70.4% open and there were at least 75 
mesh diameters from the screen until the start of the contraction. Care was taken to make sure 
the walls of the flow conditioning section were smooth and uninterrupted. The flow then went 
through a ten to one contraction to a cross section of I cm by 10 cm (0.394 in by 3.94 in). The 
contraction was designed using the method outlined by Morel [45] and was a cubic equation. 
In order to construct the contraction, the top and bottom of this section were cut out of 0.64 cm 
(0.25 in) acrylic sheet. The side walls were made out of 0.32 cm (0.125 in) acrylic sheet by 
heating them up and forming them to a frame which matched the cubic equation of the walls. 
The wavy walls of the test sections were constructed out of 0.32 cm (0.125 in) acrylic 
sheet. Two molds were constructed for desired wall geometries .. The molds were sanded and 
a plaster was applied to ensure the mold was smooth. Aluminum tape was also added for this 
purpose. The acrylic sheet was placed on top of the mold and heated with a heat gun to the 
plastic reached its thermal set point. The acrylic was then rolled with a copper pipe until it 
matched the geometry of a single wavelength. Only one end to the acrylic sheet was clamped 
down and the acrylic was "fed" from one end, to reduce the distortion of the wall thickness. 
This procedure was repeated until the wall of the test section was completed. Mter two walls 
were constructed, they were then glued onto the top and bottom of test section of 0.64 cm 
(0.25 in) acrylic sheet with the appropriate separation distance. The test sections were around 
90 cm (36 in) long and typically had around 12 to 14 wavelengths. The exact geometry of each 
of the total of twelve test sections appears in Table B.1. Test sections A-C and J-L were made 
with one mold and the remaining six were made with the other. The first six test sections had a 
nominal minimum separation distance of 12 mm (0.47 in) and the last six had a nominal 
minimum separation distance of 24 mm (0.94 in). The difference in the two molds was about a 
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15% difference in wavelength. Four test sections were constructed for each phase shift. The 
total of twelve test sections allowed the investigation of the effects of phase shift, wavelength 
and minimum separation distance on a test section's performance. A mirror was placed above 
the test section to allow for easier viewing of the dye streaklines from the top view of the test 
section. 
Table B.1 - Geometry of Flow Visualization Test Sections 
Test Section Hmin(mm) A(mm) A(mm) Phase Shift 
A 12.0 68.2 5.5 180° 
B 13.3 67.6 5.8 (f 
C 12.4 68.1 6.3 ~ 
D 11.5 55.4 6.5 lSOO 
E 13.6 55.9 5.7 (f 
F 10.3 55.3 5.8 ~ 
G 23.5 55.5 6.1 lSOO 
H 22.0 56.4 6.0 (f 
I 24.0 55.9 5.7 ~ 
J 23.6 68.7 5.8 lSOO 
K 24.0 68.9 5.9 (f 
L 25.0 68.8 6.0 ~ 
At the end of the test section, a large area end section was constructed to ensure that this 
did not affect the flow in the test section. From this section the water flowed up to the flow 
rate measuring device. This pressure rise ensured that the test section was under pressure and 
the water completely filled the test section. The volumetric flow measuring device was simply 
a see-through plastic bucket with graduation lines on it for each liter (0.26 gallons). The 
graduation lines were determined by using a graduated cylinder with an accuracy of ± 1 ml for 
one liter. A valve downstream of this bucket could be shut off and then the flow rate was 
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determined by a simple bucket and stopwatch technique. Flow rates were on the order of 
1.5E-2 to 8E-2 liters per second (3.96E-2 to 2.11E-2 gallons per second) and the time was 
measured over at least 4 liters (1.1 gallons). In order to determine viscosity, a thermocouple 
accurate to within 10% was intstalled at the bottom of the flow measuring bucket and well 
established tabulated values [46] were used. From this bucket the water flowed back to the 
storage basin. 
The flow visualization was performed with three dye streams. The dye was water with 
food coloring added to it. The dye concentration was low in order to avoid density effects and 
it was estimated that the density of the dye was only 0.1 % different than that of the pure water. 
The dye was injected about midway through the contraction section of the water tunnel. The 
flow rate was measured and then a dye stream was injected into the flow. The flow was 
determined to be steady if a dye stream injected into the core fluid of the flow in the center of 
the channel did not break up and disperse. However, if the dye streakline broke apart and there 
was evidence of macroscopic mixing with the core fluid, the .flow was determined to be 
unsteady. The farthest wavelength upstream where this mixing occured at a particular flow rate 
was recorded. This procedure was repeated from Reynolds numbers where the flow was 
steady throughout the test section, until the flow was unsteady in the first wavelength. 
A straight test section was initially-'placed in the water tunnel to ensure that the flow 
conditioning and contraction sections were constructed correctly. Over several trial runs the 
transition to turbulent flow occured at a Reynolds number based on the hydraulic diameter (this 
is equal to twice the channel spacing) of no less that 2600. 
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APPENDIX C: HEAT TRANSFER EXPERIMENTAL APPARATUS 
AND PROCEDURE 
The heat transfer experiments were performed in a wind tunnel. A schematic of the wind 
tunnel appears as Figure C.l and it was similar in dimensions to the water tunnel. The air was 
supplied from a 689 kPa (100 psig) compressed air-line. The air passed through a water and debris 
filter, which removed particles greater than 40 microns in size, and was controlled with a pressure 
regulator with a range of 0 to 862 kPa (0 to 125 pisg). 
(k)---.a 
• o 
(d) 
Flow Direction 
• 
~--(g) 
(e) 
(a) Air Filter (e) Flow Conditioning Section (i) Baffled Exiting Section 
(b) Air Regulator (0-125 psig) (Honeycomb and 2 screens)G) Downstream Thermometer 
(c) Drawn Copper Pipe (f) 10: 1 Area Contraction (k) Variable Transformer 
(Pressure Taps 30 cm apart)(g) Upstream Thermometer (Controls Heated Walls 
(d) Manometer (h) Test Section of Test Section) 
Figure C.I - Schematic of wind tunnel used for heat transfer experiments 
A 6.98 mm (0.27 in) diameter drawn copper pipe was used to measure the mass flow rate. 
Two 5 mm (0.20 in) diameter pressure tap holes were drilled into the copper pipe 300 mm (11.8 in) 
apart. The differential pressure was then measured with a Dwyer manometer with a range of 0 to 
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254 mm of H20 (0 to lOin of H20). Once the pressure drop was determined, properties of the air 
were calculated using tabulated values and the temperature of the air in the contraction section (see 
below). A simultaneous set of equations needed to be solved to determine the friction factor, f, and 
the velocity of the air, Y. The equations used are the definition of head loss and an empirical fit to 
the Moody diagram [23]: 
M> Ly2 
hf=-=f--
pg D 2g 
(C.1) 
_1_=_2.0l0g(e/D + 2.51 ) 
fO.s 3.7 ReD fO.s (C.2) 
where he is the head loss, M> is the pressure drop, L is the distance between the pressure tap holes, 
D is the diameter of the copper pipe, g is the gravitational acceleration, e is the surface roughness of 
the pipe, p is the density of the air, J.L is the viscosity of the air and ReD is the Reynolds number 
based on the diameter of the pipe. The roughness of the drawn copper pipe is assumed to be zero as 
supported by [46]. Once the velocity has been determined, the mass flow rate is easily determined 
using the definition of mass flow rate: 
(C.3) 
The range of pressure drops that were seen in the Reynolds number range of interest for this 
experiment were between 0 and 127 mm of H20 (0 and 5 in of H20). This range corresponded to 
the Reynolds number in the pipe range from about 5000 to around 15,000. In this range, the values 
for roughness tend to collapse, reducing the error in assuming no roughness in the pipe. The mass 
flow rate was used to calculate the Reynolds number in the test section. The following definition of 
Reynolds number was used: 
G 
Re=-
J.LL 
where J.L is the viscosity of the air in the test section and L is the depth of the test section. 
(C.4) 
The flow from the copper pipe then entered a flow conditioning section in a design similar to 
the water tunnel and conforming to the guidelines set forth by NASA [43,44]. Immediately upon 
entering the flow conditioning section from the relatively small diameter copper pipe, the flow 
impinged on a small piece of blueboard to help diffuse the flow over the entire inlet of the section. 
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The flow conditioning section was constructed from a double layer of 1.3 cm (0.5 in) thick 
blueboard and was 10 cm by 10 cm (3.94 in by 3.94 in) The flow conditioners were a honeycomb 
and two screens. The 0.32 cm cell honeycomb was 10 cm (3.94 in) thick and was installed 25.4 cm 
(10 in) upstream of the screens. The screen mesh was 70.4% open and there was greater than 75 
mesh diameters between the two screens. Care was taken to make sure that the walls of the flow 
conditioning section were smooth and uninterrupted in order to ensure steady laminar flow. 
The flow then entered a 10: 1 area contraction, which contracted in the horizontal direction. It 
was nearly identical in design to the contraction used in the wind tunnel. The cubic equation used 
was detennined from a method outlined by Morel [47]. The top and bottom walls were constructed 
out of blue board, while the side walls were made of aluminum foil and supported with blueboard. 
The exiting cross section of the contraction section was 1 cm by 10 cm (0.394 in by 3.94 in). A 
NIST -calibrated thermometer with an accuracy of ±O.05°C (O.09°F) was inserted in the middle of the 
contraction to determine the upstream air temperature of the flow. This thermometer also measured 
the temperature used in detennining the properties in the mass flow rate equations described above. 
Outside Wall (Insulated) . 
...--- Fiberglass Cloth with Nichrome wire sewn in (heater) 
• Inside Air Flow 
Figure C.2 - Expanded view of a layered sidewall of a test section 
The flow then entered the test section. The test section was designed to have constant heat 
flux boundary conditions on both wavy walls. The test section was constructed in a sandwich type 
manner using fiberglass cloth and wavy-walled steel sheets. The steel sheets were 12.7 cm (5 in) 
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high 71.1 cm (28 in) long, and 0.4 mm (1.57E-2 in) thick. They had a wavelength of71 mm (2.8 
in) and an amplitude of 5.7 mm (0.224 in). An expanded view of a sidewall of a test section appears 
as Figure C.2. The inner wall of the test section was a piece of wavy-walled steel. This inner wall 
was followed by a piece of fiberglass cloth cut to the exact dimensions of the steel sheet. Behind 
this piece of fiberglass cloth, was another piece of the wavy-walled steel and another piece of the 
fiberglass cloth. Next, there was the heater. The heater was a piece of fiberglass cloth with 32 
gauge nickel-chromium wire sewn into it. The 32 gauge nichrome wire was sewn over the entire 
length of the cloth every 12.7 mm (0.5 in). The nichrome wire had a resistance of 34.6 ohms per 
meter (10.55 ohms per foot). Behind the heater was another piece of the fiberglass cloth and a final 
piece of steel sheet. The top and the bottom of the test section was cut out of blueboard to match the 
geometry of the walls and to give the test section the geometry which matched the exiting cross 
section of the contraction. In order to prevent air leaking out of the test section, the top and bottom 
pieces were affixed with silicon. Additional fiberglass insulation and blueboard was used to provide 
a very high resistive path for heat leaving the test section to the outside environment. 
In order to measure the wall temperature, Type-T thermocouples were attached to the back of 
the inner walls of the test section with thermal epoxy. On one wall, only five thermocouples were 
placed at various locations downstream along the wall to check for even heating of both wavy walls. 
The other wall of the test section had 21 theIll!0couples placed in every peak and trough along the 
wall. In addition, two wavelengths had additional thermocouples placed at 90° and 270°. The exact 
location of these 21 thermocouples appears in Table C.1. The thermocouples were read with a six 
channel thermocouple reader. 
The heaters had a resistance of around 150 ohms a piece. They were wired in parallel with 
each other and controlled with a variable AC transformer that received its power from a standard 120 
Hz outlet. Typically, the rms voltage supplying the heater was varied between 15 and 30 volts. 
This corresponded to a 5°C to 10°C (9°P to 18°F) temperature change in the airstream over the length 
of the test section. 
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Table C.I- Location of Thermocouples Aong Wavy Wall 
Thermocouple No. Distance from leading Thermocouple No. Distance from leading 
edge of wall (cm) edge of wall (cm) 
1 6.1 12 33.7 
2 9.3 13 35.5 
3 11.0 14 36.9 
4 12.8 15 40.6 
5 14.6 16 43.9 
6 16.3 17 47.8 
7 19.5 18 50.9 
8 23.3 19 54.5 
9 26.9 20 57.9 
10 30.1 21 61.45 
11 32.1 
The flow then entered the exit region of the wind tunnel. This exit region consisted of a 
series of baffles to thoroughly destroy the thermal profile of the exiting air stream, in order to 
measure a bulk exiting air temperature. This temperature was measure with another NIST -calibrated 
thermometer with an accuracy of ±O.I°C (O.18°F) which was placed just downstream of these 
baffles. This section was constructed with blueboard and additional insulation to minimize heat loss 
to the environment. The airflow then exited to the laboratory through some circular insulation. 
All of the measurements were taken at steady-state values for a given mass flow rate. The 
flow was considered steady-state when the wall temperature values stopped fluctuating and there 
was an energy balance between the power supplied to the heaters and the amount of heat absorbed 
by the airstream. The two energy equations are as follows: 
. y2 Q _ nns 
heaters -R (C.5) 
Qairstream = GCp (T downstream - T upstream) (C.6) 
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where V nus is the average voltage applied to the heaters, R is the resistance of the heaters, Cp is the 
average specific heat of the air, Tdown is the downstream temperature of the air, and Tup is the 
upstream temperature of the air. These two equations had to agree with one another within 5% for 
data to be taken. Once steady-state was reached, the two airstream temperatures, the resistance of 
the heaters, the average voltage supplied to the heaters, the pressure drop in the drawn copper pipe, 
and all of the wall temperatures were recorded. Local values of heat transfer coefficieny and Nusselt 
numbers were calculated at each thermocouple location. The heat transfer coefficient and Nusselt 
number is defined as: 
(C.?) 
(C.8) 
where AHT is the heat transfer area, k is the conductivity of the air and Db is the hydraulic diameter 
of the test section. Since the boundary conditions along the walls of the test section are constant heat 
flux, the bulk temperature distribution of the air is assumed to be linear. 
In order to test the wind-tunnel performance, a parallel plate test section was first put into 
tunnel. The walls of this test section were constructed in an identical way as the wavy-walled test 
section except they had flat pieces of galvanized steel instead of the wavy walls. The test section 
was 61 cm (24 in) long and the cross section of the channel was 10 cm by 1 cm (3.94 in by 0.39 in). 
Five thermocouples were placed behind the inner wall on both sides of the test section. The 
thermocouples vertical location was systematically changed in order to check the consistency of the 
temperature in the vertical plane. It was found that the temperatures did not vary more that 0.1 °C 
(O.l8°F) in this direction. In addition, the temperatures in the streamwise direction were compared 
for both walls. The largest difference in temperature between identical locations on both walls was 
0.3° C (0.54° F). 
Assuming a linear change in the bulk air temperature between the upstream and downstream 
temperatures, a local heat transfer coefficient and a local Nusselt number was calculated at the ten 
thermocouple locations using equations similar (C.?) and (C.8) from above. These values were 
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compared to the work of Hwang and Fang [24], who looked at identical conditions using a finite 
difference technique. In order to directly compare with their data, the Reynolds number and the 
Nusselt number were based on hydraulic diameter, which is twice the minimum spacing between the 
heated plates. They presented their results in tabular form for a Prandtl number of 0.7. These data 
were plotted and a smooth curve fit was applied to the data for comparison. The results for five 
Reynolds numbers are plotted in Figure C.3. All of the data lie within 12 percent of the smooth 
curve fit to the tabular data, providing confidence that the boundary conditions to the test section are 
indeed nearly constant heat flux. 
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Figure C.3 • Nux vs. x* for parallel plate test section 
The test sections were orientated in the wind tunnel in several different manners in order to 
determine if bouyancy or geometric variations significantly affected the results. The test sect~ons 
were rotated so that the entrance and the exit were exchanged with each other. In addition, to 
examine the effects of bouyancy, the test sections were turned, so that the depth of the channel, L, 
changed from being perpendicular to the gravity vector to being parallel to the gravity vector. None 
of these changes appeared to have a significant affect on the data obtained, and therefore all of the 
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data are presented as being from identical orientations. The uncertainties in all of the measurements 
and calculations in the heat transfer experiments are detailed in Appendix D. 
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APPENDIX D: UNCERTAINTY ANALYSIS 
The uncertainty for both the flow visualization and heat transfer experiments was 
dependant upon both the instrumental uncertainty and procedural uncertainty. The 
instrumental uncertainty was a function of the devices chosen to measure certain geometrical 
and flow properties. The instrumental uncertainty for any device is determined by 
information supplied by the manufacturer of the instrument or by some other type of 
calibration procedure. This type of uncertainty is usually known for all flow conditions. 
Procedural uncertainty is a function of the variables present in each test. In order to estimate 
the effect of this type of uncertainty, average case values are used. Worst case values are 
also calculated to determine the range of uncertainty in the property, ensuring that a 
conservative estimate is made for the uncertainties of procedural variables. 
The following sections detail the uncertainty of all primary measurements made in 
both the flow visualization and heat transfer experiments. In addition, the propagation of 
these primary measurement uncertainties is calculated by the method of Kline and 
McClintock [48]. 
D.I Flow Visualization Uncertainty 
The advantage of the bucket-and-stopwatch technique for measuring the uncertainty 
In low flow rates is that there are very few errors that can be propagated to further 
calculations. Table 0.1 contains the uncertainties of all of the primary measurements in the 
flow visualization experiments. The uncertainty of the temperature measurement was 
indicated from the manufacturer. The uncertainties for density, p, and dynamic viscosity, J.l, 
were estimated taking into account the uncertainty in temperature measurement and the 
tabulated values presented by Roberson and Crowe [46]. Although these are not technically 
primary uncertainties, they are included in Table 0.1 for convenience. The uncertainties in 
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volume, length, and time were determined by the accuracy of the instruments used to 
measure these parameters. 
Table D.l - Primary Uncertainties for Flow Visualization Experiments 
Variable Overall Uncertainty 
T water ±1O% 
Pwater ±O.05% 
Ilwater ±4% 
Lchannel ±lmm 
Volwater ±3.75E-5 m3 10.004 m3 
t 0.5 sec 
D.2 Flow Visualization Error Propagation and Uncertainty 
Once the primary uncertainties were determined, the calculations for the propagation 
of the uncertainties in the data reduction equations were quite straightforward. Using the 
method of Kline and McClintock, the uncertainty in the mass flow rate was determined using 
the following equation: 
WG = 
G 
which simplifies down to: 
dG 2._ ( dG J2 ( dGJ2 
Wp· ~ + W Vo1 • d~OI + W t • ~ (D.I) 
(D.2) 
Plugging in worst-case values for all variables, th~ worst-case uncertainty in the mass flow 
rate is 1.5%. A similar procedure is used to determine the uncertainty in the Reynolds 
number. The equation used for this calculation is: 
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(0.3) 
This equation gives the uncertainty in Reynolds number to be 4.8%. There is also 
uncertainty in the flow observation portion of the experiments for what wavelength the flow 
is determined to be unsteady. This uncertainty is highly variable. When the unsteadiness is 
near a transistional Reynolds number, the uncertainty is ± 'AJ2. However, when the flow is 
not near a transistional Reynolds number the uncertainty in the observation is close to zero. 
Table D.2 • Primary Uncertainties for Heat Transfer Experiments 
Variable Overall Variable Overall 
Uncertainty Uncertainty 
Tupstream ±D.05°e Vnns 0.1 Volts 
T downstream ±D. 1°C R 0.5 ohms 
Opipe ±O.OJ mm Cp ±3% 
Lchannel ±Imm AHT 2mm2 
Pair ±I% Hmin 0.5mm 
J.1air ±2% k ±5% 
.1P 2.5-25.0 Pa Plate ±O.25°C Thermocouples 
D.3 Heat Transfer Uncertainty 
The primary uncertainties were also determined for the heat transfer experiments. 
The results are shown in Table 0.2. The temperature, geometric, and power relat~d 
uncertainties were determined by the instruments used to measure these parameters. The 
uncertainty in the pressure drop measurement depends upon the range of pressure drop of 
operation. If the pressure drop is 249 Pa or less, the uncertainty is 2.5 Pa. Otherwise the 
uncertainty in pressure drop is 25 Pa. The uncertainties in the properties of the air were 
63 
detennined as a result of the uncertainty in the temperature used to measure them. They are 
included in Table 0.2 as a convience. 
D.4 Heat Transfer Error Propagation and Uncertainty 
The uncertainty in the friction factor and velocity in the copper pipe is difficult to 
determine, since the equations are coupled and complicated. Using worst case values, an 
estimate for these values was detennined. The uncertainty of the friction factor was taken as 
a conservative 4.8%, while the uncertainty in the velocity of the flow in the pipe was 
calculated as 2.9%. Once the uncertainty in velocity is determined, the remaining 
uncertainties that are propagated can be calculated in a straightforward manner. The mass 
flow rate is calculated with the following equation: 
~--------------------
':G = (:P J +(~v f +(2~D r (0.4) 
Plugging in the 2.9% uncertainty for velocity and the other values from Table 0.2, the 
uncertainty in the mass flow rate is 3.1 %. With the uncertainty in mass flow rate known, the 
uncertainty in the Reynolds number in the test section can be detennined using the following 
equation: 
(0.5) 
The uncertainty in the Reynolds number was found to be 3.8%. Since an estimate was used 
to calculate the uncertainty in the velocity, the uncertainty in Reynolds number was taken at 
5.0%. In order to calculate the uncertainty in the heat transfer coefficient and Nusselt 
number, the uncertainty in the power calculations must be detennined. The uncertainty in the 
power supplied to the heaters is calculated with the following equation: 
Qheaters = v nns +--R W . (2W)2 (W )2 
Qheaters V rms . R 
(0.6) 
This uncertainty in the power supplied to the heaters is 5.0%. The uncertainty in the power 
gained by the airstream in the test section can be determined using the following equation: 
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(0.7) 
Note that the ~T used in (0.7) is the overall temperature change in the airstream across the 
entire test section. The uncertainty in the power gained by the airstream is 5.25%. 
Combining the two uncertainties, the overall uncertainty in the power calculation is 7.3%. 
The uncertainty in the heat transfer coefficient is determined with the following equation: 
Whx (W Q)2 (W AIIT)2 (W ATpla!e_air J2 (0.8) h.= Q + AHT + ~Tplate-air 
Note that in (0.8) the ~T used is the local temperature difference between the plate and the 
bulk fluid temperature of the error. This temperature difference carries a very high 
uncertainty, because of the high uncertainty of the thermocouples and the small difference in 
temperatures between the plate and air at low flow rates. The average uncertainty in the local 
heat transfer coefficient is 9.7% and the worst case value for the uncertainty of this variable 
was 18.5%. Finally, the uncertainty in Nusselt number can be determined using the 
following equation: 
(0.9) 
The average uncertainty in the local Nusselt number is 11.3%, while the uncertainty in the 
local Nusselt number for the worst case is 20.1 %. 
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APPENDIX E: CONDUCTION IN PLATES (DEFENSE OF THE 
CONSTANT HEAT FLUX BOUNDARY CONDITION IN FLAT 
PLATE) 
In the description of the experimental apparatus and procedure for the wind tunnel in 
the main body and in Appendix C in this research, the statement was made that the boundary 
conditions for all of the tests were a constant heat flux on both walls. Initially, it was thought 
that heat conduction in the streamwise direction down the steel side walls may cause the 
boundary conditions to deviate significantly from the constant heat flux condition, however an 
example calculation will demonstrate otherwise. 
The heat flux due to conduction in one of the plates can easily be determined using the 
following expression: 
" kaT 
qcond = S 
arclength 
(Rl) 
where k is the conductivity of the steel, aT is the temperature difference in the plate along the 
arclength from entrance to exit, and Sarclength is the length of the plate. If an average textbook 
value of 40 W/(m*K) is used for the conductivity of steel and worst case values are used, this 
heat flux has a value of 
(40 ~ )<8.1 K) W 
q:'nd = ( m K ) = 481. 0 -2 0.6985 m m (E.2) 
In order to calculate the total heat loss in a single plate, this value needs to be multiplied 
by the cross-sectional area of a single plate. The result is the following value 
QCODd = q:'ndAx-S = 481.0 ": (0.1 m x 0.0004 m) = 0.019 ~ 
m plate 
(E.3) 
In tum, this value must be multiplied by the number of plates. For the test section ~et 
up, there are four plates, two in each wall and there were t~o heated walls (see Appendix C). 
This brings the total value of heat loss due to conduction in the streamwise direction down the 
walls of the test section to 0.077 W. In the worst case scenario, the total power supplied to the 
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heaters behind the plates is 4.1 W. Therefore, the conduction down the plate represents only 
1.9% of the total power at the worst case. 
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APPENDIX F: FLOW VISUALIZATION RESULTS - EFFECTS 
OF PHASE SHIFT 
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APPENDIX G: FLOW VISUALIZATION RESULTS· EFFECT OF 
WAVELENGTH 
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APPENDIX H: FLOW VISUALIZATION RESULTS - EFFECT OF 
SEPARATION DISTANCE 
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APPENDIX K: TRANSITIONAL REYNOLDS NUMBERS FROM 
FLOW VISUALIZATION EXPERIMENTS 
Table K.l . Transitional Reynolds numbers for Test Section A (see Tables I and B.l for 
geometric parameters) 
Transitional A's of onset of Transitional Re (G/(Il *K» 
unsteadiness 
00 -7 317 
7-6 388 
6-5 421 
5-4 523 
4-3 772 
3-2 973 
Table K.2 • Transitional Reynolds numbers for Test Section B (see Tables 1 and B.l for 
geometric parameters) 
Transitional A's of onset of Transitional Re (G/{J.1 *K» 
unsteadiness 
00 -7 189 
7-6 225 
6-5 252 
5-4 255 
4-3 280 
3-2 440 
2-1 586 
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Table K.3 . Transitional Reynolds numbers for Test Section C (see Tables 1 and B.l for 
geometric parameters) 
Transitional A's of onset of Transitional Re (O/{J.1*K» 
unsteadiness 
00 - 8 168 
8-7 173 
7-6 179 
6-5 188 
5-4 224 
4-3 227 
3-2 394 
2-1 517 
Table K.4 • Transitional Reynolds numbers for Test Section D (see Tables 1 and B.l for 
geometric parameters) 
Transitional A's of onset of Transitional Re (O/(Jl *K» 
unsteadiness 
00-11 267 
11-10 272 
10- 9 280 
. 
9-8 292 
8-7 300 
7-6 315 
6-5 338 
5-4 474 
4-3 578 
3 -2 650 
2-1 813 
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Table K.S • Transitional Reynolds numbers for Test Section E (see Tables 1 and B.l for 
geometric parameters) 
Transitional A's of onset of Transitional Re (G/{J.1*K» 
unsteadiness 
00-11 178 
11 - 10 183 
10-9 185 
9-8 187 
8-7 190 
7-6 212 
6-5 234 
5-4 356 
3-2 536 
2-1 764 
Table K.6 • Transitional Reynolds numbers for Test Section F (see Tables 1 and B.l for 
geometric parameters) . 
Transitional A's of onset of Transitional Re (G/(Jl *K» 
unsteadiness 
00-11 180 
11-10 184 
10 - 9 191 
9-8 201 
8-7 216 
7 -6 238 
6-5 268 
5-4 350 
4-3 412 
3-2 719 
2-1 897 
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Table K.7 - Transitional Reynolds numbers for Test Section G (see Tables 1 and B.1 for 
geometric parameters) 
Transitional A'S of onset of Transitional Re (G/(f.1*K» 
unsteadiness 
00 - 6 220 
6-5 228 
5-4 283 
4-3 304 
3-2 330 
2-1 388 
Table K.8 - Transitional Reynolds numbers for Test Section H (see Tables 1 and B.1 for 
geometric parameters) 
Transitional A'S of onset of Transitional Re (G/(f.1 *K» 
unsteadiness 
00 - 12 236 
12 - 11 239 
11-10 242 
10- 9 244 
9-8 248 
-. 8-7 258 
7-6 270 
6-5 279 
5-4 293 
4-3 323 
3-2 352 
2 - 1 406 
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Table K.9 • Transitional Reynolds numbers for Test Section I (see Tables 1 and B.t for 
geometric parameters) 
Transitional A's of onset of Transitional Re (G/{JJ.*K» 
unsteadiness 
00 - 13 292 
13 - 11 296 
11-10 309 
10- 9 317 
9-8 333 
8-7 346 
7-6 384 
6-5 410 
5-4 430 
4-3 495 
3-2 609 
2-1 737 
Table K.tO - Transitional Reynolds numbers for Test Section J (see Tables 1 and B.l for 
geometric parameters) 
Transitional A's of onset 9f Transitional Re (G/(J.1 *K» 
unsteadiness 
00 - 9 424 
9-8 425 
8-7 434 
7-6 450 
6-5 484 
5-4 500 
4-3 544 
3-2 583 
2 - 1 603 
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Table K.II - Transitional Reynolds numbers for Test Section K (see Tables 1 and B.l for 
geometric parameters) 
Transitional A's of onset of Transitional Re (G/(fl *K» 
unsteadiness 
00 - 9 314 
9-8 318 
8-7 320 
7-6 328 
6-5 337 
5-4 344 
4-3 393 
3-2 425 
2-1 594 
Table K.12 • Transitional Reynolds numbers for Test Section L (see Tables 1 and B.l for 
geometric parameters) 
Transitional A's of onset of Transitional Re (G/(fl*K» 
unsteadiness 
00 - 9 340 
9-8 342 
8-7 ~ 344 
7-6 346 
6-5 351 
5-4 369 
4-3 407 
3-2 467 
2-1 527 
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APPENDIX L: RAW HEAT TRANSFER DATA FOR <p=0° 
Table L.t • Heat Transfer Experiment Conditions for <p=00 and Re= 1 08 
Hmin 0.016 m Tupstream 23.2°C Vnns 9.43 Volts 
L 0.1 m T downstream 26.9°C R 71.1 ohms 
Schannel 0.6731 m G 2.0E-4 kgls Qave 0.782 W 
Sarclength 0.6985 m Flow Direct. 21 - 1 Re 108 
Table L.2 • Local Heat Transfer Calculations for <p=00 and Re= 1 08 
Thermo- x x* Tplate Tair hx Nux 
couple # (m) eC) eC) (W/(m2K» 
I 0.612 1.77E-Ol 26.7 26.56 41.37 25.46 
2 0.580 1. 68E-01 26.6 26.39 26.50 16.31 
3 0.563 1.63E-01 26.5 26.30 27.35 16.83 
4 0.545 1.58E-Ol 26.5 26.20 18.44 11.35 
5 0.527 1.53E-Ol 26.4 26.10 18.50 11.39 
6 0.510 1.48E-Ol 26.5 26.00 11.29 6.94 
7 0.478 1.38E-01 26.5 25.83 8.33 5.13 
8 0.440 1.27E-Ol 26.3 25.62 8.22 5.06 
9 0.404 1. 17E-Ol 26.1 25.42 8.25 5.08 
10 0.372 1.08E-Ol "26.0 25.25 7.42 4.57 
11 0.352 1.02E-Ol 25.9 25.14 7.32 4.51 
12 0.336 9.73E-02 25.8 25.05 7.44 4.58 
13 0.318 9.20E-02 25.7 24.95 7.45 4.58 
14 0.307 8.89E-02 25.6 24.89 7.86 4.84 
15 0.267 7.73E-02 25.5 24.67 6.73 4.14 
16 0.234 6.77E-02 25.3 24.49 6.88 4.24 
17 0.195 5.65E-02 25.2 24.27 6.03 3.71 
18 0.164 4.75E-02 24.9 24.10 7.02 4.32 
19 0.128 3.71E-02 24.8 23.90 6.25 3.85 
20 0.094 2.72E-02 24.6 23.72 6.34 3.90 
21 0.059 1.70E-02 24.4 23.52 6.38 3.92 
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Table L.3 - Heat Transfer Experiment Conditions for cp=00 and Re= 162 
Hmin 0.016 m Tupstream 23.8°C Vrms 11.4 Volts 
L 0.1 m T downstream 28.5°C R 71.1 ohms 
Schannel 0.6731 m G 3.0E-4 kgls Qave 1.421 W 
Sarclength 0.6985 m Flow Direct. 21 - 1 Re 162 
Table L.4 - Local Heat Transfer Calculations for cp=00 and Re= 162 
Thermo- x x* Tplate Tair hx Nux 
couple # (m) eC) eC) (W/(m2K» 
1 0.612 1. 18E-Ol 28.5 28.07 23.88 14.70 
2 0.580 1. 12E-Ol 28.5 27.85 15.66 9.64 
3 0.563 1.09E-01 28.3 27.73 17.91 11.02 
4 0.545 1.05E-Ol 28.3 27.61 14.66 9.02 
5 0.527 1.02E-Ol 28.1 27.48 16.42 10.10 
6 0.510 9. 84E-02 28.0 27.36 15.94 9.81 
7 0.478 9.22E-02 28.2 27.14 9.58 5.90 
8 0.440 8.49E-02 28.0 26.87 9.03 5.55 
9 0.404 7.80E-02 27.8 26.62 8.63 5.31 
10 0.372 7. 18E-02 27.7 26.40 7.81 4.81 
11 0.352 6.79E-02 '27.7 26.26 7.06 4.34 
12 0.336 6.48E-02 27.6 26.15 7.00 4.31 
13 0.318 6. 14E-02 27.4 26.02 7.38 4.54 
14 0.307 5.92E-02 27.2 25.94 S.10 4.99 
15 0.267 5. 15E-02 27.0 25.67 7.62 4.69 
16 0.234 4.52E-02 26.9 25.43 6.94 4.27 
17 0.195 3.76E-02 26.6 25.16 7.0S 4.35 
IS 0.164 3. 17E-02 26.2 24.95 S.l1 4.99 
19 0.128 2.47E-02 26.2 24.69 6.76 4.16 
20 0.094 I.S2E-02 26.3 24.46 5.52 3.40 
21 0.059 1. 13E-02 25.5 24.21 7.88 4.S5 
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Table L.5 - Heat Transfer Experiment Conditions for <p::{)o and Re::256 
Hmin 0.016 m Tupstream 22.65°C Vrms 17.13 Volts 
L 0.1 m Tdownstream 30.8°C R 71.1 ohms 
Schannel 0.6731 m G 4.7E-4 kgls Qave 4.01 W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 256 
Table L.6 - Local Heat Transfer Calculations for <p=00 and Re=256 
Thermo- x x· Tplate Tair hx Nux 
couple # (m) eC) eC) (W/(m2K» 
1 0.061 7.45E-03 26.2 23.39 10.51 6.47 
2 0.093 1. 14E-02 26.4 23.78 11.26 6.93 
3 0.110 1.34E-02 26.8 23.98 10.48 6.45 
4 0.128 1.56E-02 27.1 24.20 10.19 6.27 
5 0.146 1.78E-02 27.5 24.42 9.58 5.90 
6 0.163 1. 99E.;02 27.4 24.62 10.64 6.55 
7 0.195 2.38E-02 27.9 25.01 10.23 6.29 
8 0.233 2. 84E-02 28.3 25.47 10.44 6.43 
9 0.269 3.28E-02 28.8 25.91 10.21 6.28 
10 0.301 3.67E-02 29.1 26.29 10.53 6.48 
11 0.321 3.92E-02 -30.0 26.54 8.53 5.25 
12 0.337 4.11E-02 30.0 26.73 9.04 5.56 
13 0.355 4.33E-02 29.8 26.95 10.36 6.38 
14 0.366 4.47E-02 29.8 27.08 10.87 6.69 
15 0.406 4.96E-02 30.3 27.57 10.81 6.65 
16 0.439 5.36E-02 30.5 27.97 11.66 7.17 
17 0.478 5.83E-02 31.1 28.44 11.10 6.83 
18 0.509 6.21E-02 30.9 28.81 14.16 8.71 
19 0.545 6.65E-02 31.0 29.25 16.87 10.38 
20 0.579 7.07E-02 31.2 29.66 19.19 11.81 
21 0.615 7.50E-02 31.3 30.09 24.42 15.03 
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Table L.7 - Heat Transfer Experiment Conditions for cp=00 and Re=333 
Hmin 0.016 m Tupstream 23.2°C Vrms 19.24 Volts 
L 0.1 m T downstream 31.4°C R 71.1 ohms 
Schannel 0.6731 m G 6.2E-4 kgls Qave 5.15W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 333 
Table L.S - Local Heat Transfer Calculations for cp=00 and Re=333 
Thenno- x x* Tplate Tair hx Nux 
couple # (m) eC) eC) (W/(m2K» 
1 0.061 5.72E-03 27.0 23.94 12.19 7.50 
2 0.093 8.73E-03 27.2 24.33 13.00 8.00 
3 0.110 1.03E-02 27.6 24.54 12.18 7.50 
4 0.128 1.20E-02 27.8 24.76 12.26 7.54 
5 0.146 1. 37E-02 28.3 24.98 11.22 6.91 
6 0.163 1.53E-02 28.3 25.19 11.97 7.36 
7 0.195 1.83E-02 28.8 25.58 11.56 7.11 
8 0.233 2. 19E-02 29.3 26.04 11.43 7.03 
9 0.269 2.52E-02 29.9 26.48 10.89 6.70 
10 0.301 2. 82E-02 30.2 26.87 11.18 6.88 
11 0.321 3.01E-02 30.8 27.11 10.10 6.22 
12 0.337 3. 16E-02 31.3 27.31 9.33 5.74 
13 0.355 3.33E-02 31.1 27.52 10.42 6.41 
14 0.366 3.43E-02 31.0 27.66 11.15 6.86 
15 0.406 3.81E-02 31.5 28.15 11.11 6.84 
16 0.439 4. 12E-02 31.7 28.55 11.82 7.28 
17 0.478 4.49E-02 32.3 29.02 11.37 7.00 
18 0.509 4.78E-02 32.0 29.40 14.34 8.82 
19 0.545 5.11E-02 32.1 29.84 16.49 10.15 
20 0.579 5.43E-02 32.2 30.25 19.15 11.78 
21 0.615 5.77E-02 32.3 30.69 23.09 14.21 
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Table L.9 - Heat Transfer Experiment Conditions for cp--00 and Re=383 
Hmin 0.016m Tupstream 22.6°C Vrms 19.36 Volts 
L 0.1 m Tdownstream 39.7°C R 71.1 ohms 
SchanneI 0.6731 m G 7.1E-4 kgls Qave 5.16W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 383 
Table L.I0 - Local Heat Transfer Calculations for cp=00 and Re=383 
Thermo- x x* Tplate Tair hx Nux 
couple # (m) eo eo (W/(m2K» 
1 0.061 4.98E-03 25.7 23.24 15.36 9.45 
2 0.093 7.59E-03 25.9 23.58 16.27 10.01 
3 0.110 8.98E-03 26.3 23.76 14.86 9.14 
4 0.128 I.04E-02 26.7 23.95 13.72 8.44 
5 0.146 1. 19E-02 27.1 24.14 12.75 7.85 
6 0.163 1.33E-02 27.0 24.32 14.08 8.66 
7 0.195 1.59E-02 27.5 24.66 13.27 8.17 
8 0.233 1.90E-02 27.8 25.06 13.76 8.47 
9 0.269 2. 19E-02 28.5 25.44 12.32 7.58 
10 0.301 2.46E-02 28.7 25.78 12.90 7.94 
11 0.321 2.62E-02 29.5 25.99 10.74 6.61 
12 0.337 2.75E-02 29.7 26.15 10.64 6.55 
13 0.355 2.90E-02 29.5 26.34 11.96 7.36 
14 0.366 2.99E-02 29.4 26.46 12.84 7.90 
15 0.406 3.31E-02 29.8 26.88 12.93 7.96 
16 0.439 3.58E-02 30.0 27.23 13.63 8.39 
17 0.478 3.90E-02 30.5 27.64 13.20 8.13 
18 0.509 4. 15E-02 30.3 27.97 16.19 9.96 
19 0.545 4.45E-02 30.6 28.35 16.76 10.32 
20 0.579 4.72E-02 30.6 28.71 19.94 12.27 
21 0.615 5.OlE-02 30.7 29.08 23.32 14.35 
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Table L.II - Heat Transfer Experiment Conditions for cp=00 and Re=408 
Hmin 0.016 m Tupstream 22.57°C Vnns 22.25 Volts 
L 0.1 m T downstream 31.7°C R 71.1 ohms 
Schannel 0.6731 m G 7.6E-4 kgls Qave 6.94W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 408 
Table L.12 - Local Heat Transfer Calculations for cp=00 and Re=408 
Thermo- x x· Tplate Tair hx Nux 
couple # (m) COC) COC) (W/(m2K» 
1 0.061 4.67E-03 26.6 23.40 15.56 9.58 
2 0.093 7. 12E-03 26.9 23.83 16.24 10.00 
3 0.110 8.43E-03 27.4 24.06 14.93 9.19 
4 0.128 9.80E-03 27.8 24.31 14.27 8.78 
5 0.146 1. 12E-02 28.3 24.55 13.29 8.18 
6 0.163 1.25E-02 28.4 24.78 13.77 8.48 
7 0.195 1.49E-02 29.2 25.22 12.51 7.70 
8 0.233 1.78E-02 29.5 25.73 13.22 8.14 
9 0.269 2.06E-02 30.4 26.22 11.92 7.34 
10 0.301 2.31E-02 30.6 26.65 12.63 7.77 
II 0.321 2.46E-02 31.5 26.92 10.89 6.70 
12 0.337 2.58E-02 31.9 27.14 10.47 6.45 
13 0.355 2.72E-02 31.6 27.39 11.83 7.28 
14 0.366 2.80E-02 31.6 27.53 12.26 7.54 
15 0.406 3.11E-02 32.0 28.08 12.71 7.82 
16 0.439 3.36E-02 32.2 28.52 13.56 8.35 
17 0.478 3.66E-02 32.8 29.05 13.30 8.19 
18 0.509 3.90E-02 32.6 29.47 15.94 9.81 
19 0.545 4. 17E-02 33.0 29.96 16.41 10.10 
20 0.579 4.43E-02 33.1 30.42 18.62 11.46 
21 0.615 4.71E-02 33.2 30.91 21.72 13.37 
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Table L.13 • Heat Transfer Experiment Conditions for cp=00 and Re=440 
Hmin 0.016 m Tupstream 23.0°C Vnns 19.55 Volts 
L 0.1 m T downstream 29.2°C R 71.1 ohms 
Schannel 0.6731 m G 8.2E-4 kgls Qave 5.23W 
Sarclength 0.6985 m Flow Direct. 21 - 1 Re 440 
Table L.14 . Local Heat Transfer Calculations for cp=00 and Re=440 
Thermo- x x· TpIate Tail' hx Nux 
couple # (m) COC) (00 (W/(m2K» 
1 0.612 4.34E-02 31.2 28.64 15.02 9.24 
2 0.580 4.11E-02 31.1 28.34 13.96 8.59 
3 0.563 3.99E-02 30.8 28.19 14.72 9.06 
4 0.545 3.86E-02 30.9 28.02 13.37 8.22 
5 0.527 3.74E-02 30.8 27.86 13.07 8.04 
6 0.510 3.61E-02 30.4 27.70 14.24 8.77 
7 0.478 3.39E-02 30.6 27.40 12.04 7.41 
8 0.440 3. 12E-02 30.2 27.05 12.23 7.53 
9 0.404 2. 86E-02 30.2 26.72 11.06 6.81 
10 0.372 2.64E-02 29.8 26.43 11.41 7.02 
11 0.352 2.50E-02 29.9 26.24 10.52 6.48 
12 0.336 2.38E-02 30.3 26.10 9.15 5.63 
13 0.318 2.25E-02 29.9 25.93 9.69 5.96 
14 0.307 2. 18E-02 29.5 25.83 10.48 6.45 
15 0.267 1. 89E-02 29.1 25.46 10.57 6.51 
16 0.234 1. 66E-02 28.6 25.16 11.17 6.88 
17 0.195 1.38E-02 28.4 24.80 10.68 6.57 
18 0.164 1. 16E-02 27.6 24.51 12.46 7.67 
19 0.128 9.08E-03 27.1 24.18 13.18 8.11 
20 0.094 6.67E-03 26.6 23.87 14.08 8.66 
21 0.059 4. 15E-03 26.4 23.54 13.45 8.28 
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Table L.tS - Heat Transfer Experiment Conditions for <1»=00 and Re=468 
Hmin 0.016 m TupstreaDl 21.45°C Vrms 19.86 Volts 
L 0.1 m T downstream 28.0°C R 71.1 ohms 
Schannel 0.6731 m G 8.6E-4 kgls Qave 5.61 W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 468 
Table L.t6 - Local Heat Transfer Calculations for <1»=00 and Re=468 
Thermo- x x* Tplate Tair hx Nux 
couple # (m) COC) COC) (W/(m2K» 
1 0.061 4.07E-03 24.2 22.04 18.41 11.33 
2 0.093 6.21E-03 24.4 22.35 19.42 11.95 
3 0.110 7.35E-03 24.6 22.52 19.09 11.75 
4 0.128 8.55E-03 24.9 22.70 18.01 11.09 
5 0.146 9.75E-03 25.2 22.87 17.05 10.49 
6 0.163 1.09E-02 25.4 23.04 16.80 10.34 
7 0.195 1.30E-02 26.0 23.35 14.97 9.21 
8 0.233 1.56E-02 26.3 23.72 15.38 9.46 
9 0.269 1.80E-02 26.8 24.07 14.53 8.94 
10 0.301 2.01E-02 27.0 24.38 15.15 9.32 
11 0.321 2. 14E-02 "27.6 24.57 13.12 8.07 
12 0.337 2.25E-02 28.2 24.73 11.44 7.04 
13 0.355 2.37E-02 27.8 24.90 13.71 8.44 
14 0.366 2.44E-02 27.6 25.01 15.34 9.44 
15 0.406 2.71E-02 28.0 25.40 15.28 9.40 
16 0.439 2.93E-02 28.1 25.72 16.70 10.28 
17 0.478 3. 19E-02 28.6 26.10 15.89 9.78 
18 0.509 3.40E-02 28.5 26.40 18.94 11.65 
19 0.545 3.64E-02 28.9 26.75 18.50 11.38 
20 0.579 3.87E-02 29.0 27.08 20.73 12.76 
21 0.615 4.IOE-02 29.1 27.43 23.77 14.63 
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Table L.t7 - Heat Transfer Experiment Conditions for cp=00 and Re=606 
Hmin 0.016 m Tupstream 22.55°C Vrms 24.7 Volts 
L 0.1 m Tdownstream 30.2°C R 71.1 ohms 
Schannel 0.6731 m G 1.1E-3 kgls Qave 8.59W 
Sarclength 0.6985 m Flow Direct. 1 -21 Re 606 
Table L.tS - Local Heat Transfer Calculations for <p=oo and Re=606 
Thermo- x x· Tplate Tair hx Nux 
couple # (m) eC) eC) (W/(m2K» 
1 0.061 3. 15E-03 25.8 23.24 24.00 14.77 
2 0.093 4.80E-03 26.2 23.61 23.67 14.57 
3 0.110 5.67E-03 26.5 23.80 22.73 13.99 
4 0.128 6.60E-03 26.9 24.00 21.20 13.04 
5 0.146 7.53E-03 27.3 24.21 19.86 12.22 
6 0.163 8.41E-03 27.6 24.40 19.19 11.81 
7 0.195 1.01E-02 28.0 24.77 18.98 11.68 
8 0.233 1.20E-02 28.2 25.20 20.44 12.58 
9 0.269 1.39E-02 28.8 25.61 19.22 11.83 
10 0.301 1.55E-02 29.0 25.97 20.26 12.47 
11 0.321 1. 66E-02 ;29.9 26.20 16.58 10.20 
12 0.337 1. 74E-02 30.5 26.38 14.90 9.17 
13 0.355 1.83E-02 30.2 26.58 16.98 10.45 
14 0.366 1.89E-02 30.0 26.71 18.65 11.48 
15 0.406 2.09E-02 30.6 27.16 17.86 10.99 
16 0.439 2. 26E-02 30.9 27.54 18.26 11.24 
17 0.478 2.46E-02 31.5 27.98 17.45 10.74 
18 0.509 2. 62E-02 31.2 28.33 21.42 13.18 
19 0.545 2.81E-02 31.7 28.74 20.76 12.78 
20 0.579 2.99E-02 32.0 29.13 21.39 13.16 
21 0.615 3. 17E-02 31.5 29.53 31.22 19.21 
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Table L.t9 - Heat Transfer Experiment Conditions for cp=00 and Re::676 
Hmin 0.016 m Tupstream 22.55°C Vnns 24.9 Volts 
L 0.1 m Tdownstream 29.0°C R 71.1 ohms 
Schanne} 0.6731 m G 1.3E-3 kgls Qave 8.85W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 676 
Table L.20 - Local Heat Transfer Calculations for cp=00 and Re::676 
Thenno- x x* Tp1ate Tair hx Nux 
couple # (m) (0C) (0C) (W/(m2K» 
1 0.061 2. 82E-03 25.8 23.13 23.42 14.41 
2 0.093 4.30E-03 26.0 23.44 24.39 15.0l 
3 0.110 5.09E-03 26.5 23.60 21.55 13.26 
4 0.128 5.92E-03 26.8 23.78 20.65 12.71 
5 0.146 6.75E-03 27.3 23.95 18.63 11.46 
6 0.163 7.54E-03 27.6 24.11 17.90 11.01 
7 0.195 9.0 1 E-03 28.2 24.42 16.51 10.16 
8 0.233 1.08E-02 28.3 24.78 17.75 10.92 
9 0.269 1.24E-02 29.0 25.13 16.12 9.92 
to 0.301 1.39E-02 29.1 25.43 17.03 10.48 
II 0.321 1.48E-02 29.8 25.63 14.95 9.20 
12 0.337 1.56E-02 30.4 25.78 13.51 8.31 
13 0.355 1.64E-02 29.9 25.95 15.81 9.73 
14 0.366 1. 69E-02 29.7 26.06 17.14 10.54 
15 0.406 1.88E-02 30.3 26.44 16.17 9.95 
16 0.439 2.03E-02 30.7 26.76 15.83 9.74 
17 0.478 2.21E-02 31.3 27.13 14.97 9.21 
18 0.509 2.35E-02 31.5 27.43 15.33 9.43 
19 0.545 2.52E-02 31.6 27.77 16.31 10.04 
20 0.579 2.68E-02 31.8 28.10 16.86 10.38 
21 0.615 2. 84E-02 32.2 28.44 16.59 10.21 
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Table L.21 - Heat Transfer Experiment Conditions for cp=00 and Re=788 
Hmin 0.016 m Tupstream 22.7°C Vrms 25.0 Volts 
L 0.1 m T downstream 28.7°C R 71.1 ohms 
Schannel 0.6731 m G 1.5E-3 kgls Qave 8.79W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 788 
Table L.22 - Local Heat Transfer Calculations for cp=00 and Re=788 
Thermo- x x* Tplate Tair hx Nux 
couple # (m) COC) (0C) (W/(m2K» 
1 0.061 2.42E-03 25.3 23.24 30.67 18.88 
2 0.093 3.69E-03 25.7 23.53 29.05 17.88 
3 0.110 4.36E-03 26.2 23.68 25.04 15.41 
4 0.128 5.08E-03 26.4 23.84 24.65 15.17 
5 0.146 5.79E-03 27.1 24.00 20.36 12.53 
6 0.163 6.46E-03 26.9 24.15 22.96 14.13 
7 0.195 7.73E-03 27.6 24.44 19.95 12.28 
8 0.233 9.24E-03 27.6 24.78 22.34 13.75 
9 0.269 1.07E-02 28.0 25.10 21.73 13.37 
10 0.301 1. 19E-02 28.2 25.38 22.39 13.78 
11 0.321 1.27E-02 -28.6 25.56 20.76 12.77 
12 0.337 1. 34E-02 29.5 25.70 16.62 10.23 
13 0.355 1.41E-02 29.4 25.86 17.84 10.98 
14 0.366 1.45E-02 29.0 25.96 20.77 12.78 
15 0.406 1.61E-02 29.6 26.32 19.22 11.83 
16 0.439 1. 74E-02 30.0 26.61 18.62 11.46 
17 0.478 1.90E-02 30.5 26.96 17.82 10.97 
18 0.509 2.02E-02 30.3 27.24 20.59 12.67 
19 0.545 2. 16E-02 30.8 27.56 19.46 11.97 
20 0.579 2.30E-02 30.9 27.86 20.76 12.77 
21 0.615 2.44E-02 31.2 28.18 20.87 12.84 
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APPENDIX M: RAW HEAT TRANSFER DATA FOR cp=180° 
Table M.I- Heat Transfer Experiment Conditions for cp=180° and Re:253 
Hmin 0.016m Tupstream 22.65°C Vnns 15.12 Volts 
L 0.1 m T downstream 28.8°C R 72.6 ohms 
SchanneI 0.6731 m G 4.7E-4 kgls Qave 3.02W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 253 
Table M.2 - Local Heat Transfer Calculations for cp= 180° and Re:253 
Thenno- x x* TpIate Tair hx Nux 
couple # (m) (0C) (OC) (W/(m2K» 
1 0.061 4.64E-03 25.2 23.21 11.31 6.96 
2 0.093 7.07E-03 25.6 23.50 10.73 6.60 
3 0.110 8.36E-03 26.0 23.66 9.61 5.92 
4 0.128 9.73E-03 26.2 23.82 9.47 5.83 
5 0.146 1.11E-02 26.7 23.98 8.30 5.11 
6 0.163 1.24E-02 26.5 24.14 9.55 5.88 
7 0.195 1.48E-02 26.7 24.43 9.94 6.12 
8 0.233 1.77E-02 27.0 24.78 10.15 6.25 
9 0.269 2.04E-02 27.5 25.11 9.42 5.80 
10 0.301 2.29E-02 27.6 25.40 10.25 6.31 
11 0.321 2.44E-02 28.2 25.58 8.61 5.30 
12 0.337 2. 56E-02 28.3 25.73 8.77 5.40 
13 0.355 2.70E-02 28.2 25.89 9.77 6.01 
14 0.366 2.78E-02 28.0 25.99 11.24 6.92 
15 0.406 3.09E-02 28.5 26.36 10.53 6.48 
16 0.439 3.34E-02 28.6 26.66 11.63 7.15 
17 0.478 3.63E-02 29.2 27.02 10.33 6.36 
18 0.509 3.87E-02 28.9 27.30 14.09 8.67 
19 0.545 4. 14E-02 29.1 27.63 15.33 9.43 
20 0.579 4.40E-02 29.5 27.94 14.45 8.89 
21 0.615 4. 67E-02 29.7 28.26 15.70 9.66 
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Table M.3 - Heat Transfer Experiment Conditions for cp=180° and Re:334 
Hmin 0.016 m Tupstream 22.5°C Vrms 24.7 Volts 
L 0.1 m Tdownstream 28.3°C R 72.6 ohms 
Schannel 0.6731 m G 6.2E-4 kgls Qave 8.19W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 334 
Table M.4 - Local Heat Transfer Calculations for <p= 180° and Re:334 
Thermo- x x· Tplate Tair hx Nux 
couple # (m) eC) eo (W/(m2K» 
1 0.061 1.58E-03 25.2 23.03 27.66 17.02 
2 0.093 2.41E-03 26.0 23.30 22.29 13.72 
3 0.110 2.85E-03 26.5 < 23.45 19.71 12.13 
4 0.128 3.31E-03 26.7 23.60 19.42 11.95 
5 0.146 3.78E-03 27.4 23.76 16.52 10.16 
6 0.163 4.22E-03 27.2 23.90 18.25 11.23 
7 0.195 5.05E-03 28.5 24.18 13.93 8.57 
8 0.233 6.03E-03 28.7 24.51 14.35 8.83 
9 0.269 6.96E-03 29.4 24.82 13.13 8.08 
10 0.301 7.79E-03 29.5 25.09 13.65 8.40 
11 0.321 8.31E-03 ~0.7 25.27 11.07 6.81 
12 0.337 8.72E-03 31.5 25.40 9.87 6.07 
13 0.355 9. 19E-03 30.9 25.56 11.26 6.93 
14 0.366 9.47E-03 30.9 25.65 11.47 7.06 
15 0.406 1.05E-02 31.6 26.00 10.74 6.61 
16 0.439 1. 14E-02 31.7 26.28 11.10 6.83 
17 0.478 1.24E-02 32.7 26.62 9.89 6.09 
18 0.509 1. 32E-02 32.0 26.89 11.76 7.24 
19 0.545 1.41E-02 32.4 27.20 11.56 7.11 
20 0.579 1.50E-02 32.3 27.49 12.50 7.69 
21 0.615 1.59E-02 32.8 27.80 12.02 7.40 
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Table M.S - Heat Transfer Experiment Conditions for cp=180° and Re=383 
Hmin 0.016 m Tupstream 23.0°C Vnns 17.1 Volts 
L 0.1 m Tdownstream 28.4°C R 72.6 ohms 
Schannel 0.6731 m G 7.1E-4 kgls Qave 3.92W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 383 
Table M.6 - Local Heat Transfer Calculations for cp= 180° and Re=383 
Thermo- x x* Tplate Tair hx Nux 
couple # (m) rC) rC) (W/(m2K» 
1 0.061 3.06E-03 25.3 23.49 15.83 9.74 
2 0.093 4.66E-03 25.6 23.75 15.46 9.51 
3 0.110 5.52E-03 25.9 23.88 14.21 8.74 
4 0.128 6.42E-03 26.1 24.03 13.83 8.51 
5 0.146 7.32E-03 26.3 24.17 13.46 8.29 
6 0.163 8. 18E-03 26.4 24.31 13.70 8.43 
7 0.195 9.78E-03 26.6 24.56 14.08 8.67 
8 0.233 1. 17E-02 26.9 24.87 14.11 8.69 
9 0.269 1.35E-02 27.5 25.16 12.24 7.53 
10 0.301 1.51E-02 27.6 25.41 13.12 8.07 
11 0.321 1.61E-02 Q8.3 25.58 10.52 6.47 
12 0.337 1. 69E-02 28.5 25.70 10.25 6.31 
13 0.355 1.78E-02 28.6 25.85 10.42 6.41 
14 0.366 1.84E-02 28.4 25.94 11.63 7.16 
15 0.406 2.04E-02 28.9 26.26 10.85 6.67 
16 0.439 2.20E-02 29.0 26.52 11.57 7.12 
17 0.478 2.40E-02 29.6 26.83 10.37 6.38 
18 0.509 2.55E-02 29.3 27.08 12.93 7.96 
19 0.545 2.73E-02 29.5 27.37 13.47 8.29 
20 0.579 2.90E-02 29.6 27.65 14.66 9.02 
21 0.615 3.08E-02 29.8 27.93 15.33 9.43 
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Table M.7 - Heat Transfer Experiment Conditions for <p=180° and Re=467 
Hmin 0.016 m Tupstream 21.8°C Vnns 20.48 Volts 
L 0.1 m TdoWDStream 28.3°C R 72.6 ohms 
Schannel 0.6731 m G 8.6E-4 kg/s Qave 5.69W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 467 
Table M.8 - Local Heat Transfer Calculations for <p= 180° and Re=467 
Thermo- x x· Tplate Tair hx Nux 
couple # (m) COC) COq (W/Cm2K» 
1 0.061 2.51E-03 24.6 22.39 18.70 11.51 
2 0.093 3.83E-03 25.1 22.70 17.22 10.60 
3 0.110 4.53E-03 25.5 22.86 15.68 9.65 
4 0.128 5.27E-03 25.8 23.04 14.96 9.21 
5 0.146 6.01E-03 26.1 23.21 14.31 8.81 
6 0.163 6.71E-03 26.1 23.37 15.17 9.34 
7 0.195 8.03E-03 26.5 23.68 14.68 9.03 
8 0.233 9.59E-03 27.0 24.05 14.02 8.63 
9 0.269 1.11E-02 27.8 24.40 12.15 7.48 
10 0.301 1.24E-02 28.0 24.71 12.56 7.73 
11 0.321 1.32E-02 28.9 24.90 10.34 6.36 
12 0.337 1.39E-02 29.3 25.05 9.74 5.99 
13 0.355 1.46E-02 29.0 25.23 10.96 6.75 
14 0.366 1.51E-02 28.8 25.33 11.93 7.34 
15 0.406 1. 67E-02 29.5 25.72 10.94 6.73 
16 0.439 1.81E-02 29.7 26.04 11.30 6.95 
17 0.478 1.97E-02 30.4 26.42 10.38 6.39 
18 0.509 2.10E-02 30.0 26.72 12.59 7.75 
19 0.545 2.24E-02 30.4 27.06 12.39 7.63 
20 0.579 2.38E-02 30.4 27.39 13.75 8.46 
21 0.615 2.53E-02 30.8 27.73 13.49 8.30 
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Table M.9 - Heat Transfer Experiment Conditions for cp=180° and Re=527 
Hmin 0.016 m Tupstream 23.1°C Vnns 23.2Volts 
L 0.1 m T downstream 30.5°C R 72.6 ohms 
Schannel 0.6731 m G 9.8E-4 kgls Qave 7.3W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 527 
Table M.I0 - Local Heat Transfer Calculations for cp=180° and Re:527 
Thenno- x x* Tplate Tair hx Nux 
couple # (m) eC) eC) (W/(m2K» 
1 0.061 2.23E-03 26.5 23.77 19.44 11.97 
2 0.093 3.39E-03 27.3 24.12 16.70 10.28 
3 0.110 4.01E-03 27.9 24.31 14.78 9.10 
4 0.128 4. 67E-03 28.1 24.51 14.77 9.09 
5 0.146 5.33E-03 28.5 24.71 13.98 8.61 
6 0.163 5.95E-03 28.5 24.89 14.71 9.05 
7 0.195 7.11E-03 28.8 25.24 14.92 9.18 
8 0.233 8.50E-03 29.6 25.66 13.47 8.29 
9 0.269 9.81E-03 30.5 26.06 11.95 7.35 
IO 0.301 1.10E-02 30.6 26.41 12.66 7.79 
II 0.321 1. 17E-02 31.7 26.63 10.47 6.44 
12 0.337 1.23E-02 32.2 26.80 9.84 6.05 
13 0.355 1.29E-02 32.0 27.00 10.62 6.54 
14 0.366 1. 34E-02 31.7 27.12 11.60 7.14 
15 0.406 1.48E-02 32.5 27.56 10.75 6.62 
16 0.439 1.60E-02 32.7 27.93 11.12 6.84 
17 0.478 1.74E-02 33.6 28.36 10.12 6.23 
18 0.509 1.86E-02 33.1 28.70 12.05 7.42 
19 0.545 1. 99E-02 33.6 29.09 11.77 7.24 
20 0.579 2. llE-02 33.8 29.47 12.24 7.53 
21 0.615 2.24E-02 33.9 29.86 13.12 8.08 
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Table M.II - Heat Transfer Experiment Conditions for cp=180° and Re=589 
Hmin 0.016 m Tupstream 22.6°C Vnns 19.9 Volts 
L 0.1 m T downstream 27.6°C R 72.6 ohms 
Schannel 0.6731 m G 9.8E-4 kg/s Qave 5.45W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 589 
Table M.12 - Local Heat Transfer Calculations for cp= 180° and Re=589 
Thermo- x x· Tplate Tair hx Nux 
couple # (m) eC) eC) (W/(m2K» 
1 0.061 1. 99E-03 24.7 23.05 23.69 14.58 
2 0.093 3.04E-03 25.2 23.29 20.43 12.57 
3 0.110 3.59E-03 25.6 23.42 17.87 11.00 
4 0.128 4. 18E-03 25.8 23.55 17.34 10.67 
5 0.146 4.77E-03 26.1 23.68 16.15 9.94 
6 0.163 5.32E-03 26.1 23.81 17.04 10.49 
7 0.195 6.37E-03 26.4 24.05 16.59 10.21 
8 0.233 7.61E-03 26.8 24.33 15.80 9.72 
9 0.269 8.78E-03 27.4 24.60 13.92 8.57 
10 0.301 9.83E-03 27.5 24.84 14.64 9.01 
11 0.321 1.05E-02 18.3 24.98 11.76 7.24 
12 0.337 1.1OE-02 28.9 25.10 10.27 6.32 
13 0.355 1. 16E-02 28.5 25.24 11.95 7.36 
14 0.366 1. 19E-02 28.2 25.32 13.54 8.33 
15 0.406 1.33E-02 28.8 25.62 12.25 7.54 
16 0.439 1.43E-02 29.1 25.86 12.04 7.41 
17 0.478 1.56E-02 29.5 26.15 11.65 7.17 
18 0.509 1. 66E-02 29.3 26.38 13.36 8.22 
19 0.545 1.78E-02 29.5 26.65 13.68 8.42 
20 0.579 1.89E-02 29.6 26.90 14.45 8.89 
21 0.615 2.01E-02 29.8 27.16 14.80 9.11 
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Table M.13 - Heat Transfer Experiment Conditions for cp=180° and Re=630 
Hmin 0.016 m Tupstream 22°C Vnns 22.53 Volts 
L 0.1 m T downstream 28.9°C R 72.6 ohms 
Schannel 0.6731 m G 1.1E-3 kgls Qave 6.81W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 630 
Table M.14 - Local Heat Transfer Calculations for cp=180° and Re=630 
Thenno- x x* Tplate Tair hx Nux 
couple # (m) eC) eC) (W/(m2K» 
1 0.061 1. 86E-03 23.5 22.63 57.22 35.21 
2 0.093 2. 84E-03 24.2 22.95 40.15 24.71 
3 0.110 3.36E-03 24.8 23.13 29.93 18.42 
4 0.128 3.91E-03 24.9 23.31 31.52 19.40 
5 0.146 4.46E-03 25.6 23.50 23.79 14.64 
6 0.163 4.97E-03 25.7 23.67 ·24.67 15.18 
7 0.195 5.95E-03 26.7 24.00 18.53 11.40 
8 0.233 7.11E-03 26.9 24.39 19.93 12.26 
9 0.269 8.21E-03 27.6 24.76 17.61 10.84 
10 0.301 9. 18E-03 27.6 25.09 19.90 12.25 
11 0.321 9.80E-03 28.8 25.29 14.26 8.78 
12 0.337 1.03E-02 29.5 25.45 12.37 7.61 
13 0.355 1.08E-02 28.8 25.64 15.83 9.74 
14 0.366 1. 12E-02 28.8 25.75 16.42 10.10 
15 0.406 1.24E-02 29.5 26.16 14.99 9.23 
16 0.439 1.34E-02 29.5 26.50 16.68 10.27 
17 0.478 1.46E-02 30.3 26.90 14.72 9.06 
18 0.509 1. 55E-02 29.9 27.22 18.66 11.48 
19 0.545 1. 66E-02 30.3 27.59 18.45 11.35 
20 0.579 1.77E-02 30.0 27.94 24.24 14.92 
21 0.615 1.88E-02 30.6 28.30 21.75 13.39 
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Table M.tS - Heat Transfer Experiment Conditions for cp=180° and Re:743 
Hmin 0.016 m Tupstream 22.5°C Vrms 24.7Volts 
L 0.1 m Tdownstream 28.3°C R 72.6 ohms 
Schannel 0.6731 m G 1.2E-3 kgls Qave 8.19W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 743 
Table M.16 - Local Heat Transfer Calculations for cp=180° and Re:743 
Thermo- x x* Tplate Tair hx Nux 
couple # (m) Cq eC) (W/(m2K» 
1 0.061 1.58E-03 25.2 23.03 27.66 17.02 
2 0.093 2.41E-03 26.0 23.30 22.29 13.72 
3 0.110 2.85E-03 26.5 23.45 19.71 12.13 
4 0.128 3.31E-03 26.7 23.60 19.42 11.95 
5 0.146 3.78E-03 27.4 23.76 16.52 10.16 
6 0.163 4.22E-03 27.2 23.90 18.25 11.23 
7 0.195 5.05E-03 28.5 24.18 13.93 8.57 
8 0.233 6.03E-03 28.7 24.51 14.35 8.83 
9 0.269 6. 96E-03 29.4 24.82 13.13 8.08 
10 0.301 7.79E-03 29.5 25.09 13.65 8.40 
11 0.321 8.31E-03 BO.7 25.27 11.07 6.81 
12 0.337 8.72E-03 31.5 25.40 9.87 6.07 
13 0.355 9. 19E-03 30.9 25.56 11.26 6.93 
14 0.366 9.47E-03 30.9 25.65 11.47 7.06 
15 0.406 1.05E-02 31.6 26.00 10.74 6.61 
16 0.439 1.14E-02 31.7 26.28 11.10 6.83 
17 0.478 1.24E-02 32.7 26.62 9.89 6.09 
18 0.509 1.32E-02 32.0 26.89 11.76 7.24 
19 0.545 1.41E-02 32.4 27.20 11.56 7.11 
20 0.579 1.50E-02 32.3 27.49 12.50 7.69 
21 0.615 1.59E-02 32.8 27.80 12.02 7.40 
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Table M.17- Heat Transfer Experiment Conditions for cp=180° and Re=891 
Hmin 0.016 m Tupstream 22.2°C Vrms 25 Volts 
L 0.1 m Tdownstream 27.4 °c R 72.6 ohms 
Schannel 0.6731 m G 1.6E-3 kgls Qave 8.6W 
Sarclength 0.6985 m Flow Direct. 1 - 21 Re 891 
Table M.IS - Local Heat Transfer Calculations for cp= 1800 and Re:891 
Thermo- x x· Tplate Tair hx Nux 
couple # (m) COC) COC) (W/(m2K» 
1 0.061 1.32E-03 24.2 22.67 40.31 24.81 
2 0.093 2.01E-03 24.9 22.92 31.10 19.14 
3 0.110 2.37E-03 25.3 23.05 27.39 16.85 
4 0.128 2.76E-03 25.5 23.19 26.66 16.41 
5 0.146 3. 15E-03 26.0 23.33 23.06 14.19 
6 0.163 3.52E-03 26.1 23.46 .23.34 14.36 
7 0.195 4.21E-03 26.4 23.71 22.88 14.08 
8 0.233 5.03E-03 26.9 24.00 21.25 13.08 
9 0.269 5.80E-03 27.4 24.28 19.74 12.15 
10 0.301 6.50E-03 27.5 24.53 20.72 12.75 
11 0.321 6.93E-03 28.3 24.68 17.02 10.48 
12 0.337 7.27E-03 29.1 24.80 14.34 8.83 
13 0.355 7.66E-03 28.7 24.94 16.40 10.09 
14 0.366 7.90E-03 28.4 25.03 18.27 11.24 
15 0.406 8.76E-03 29.0 25.34 16.82 10.35 
16 0.439 9.47E-03 29.1 25.59 17.56 10.81 
17 0.478 1.03E-02 29.7 25.89 16.19 9.96 
18 0.509 1.10E-02 29.1 26.13 20.76 12.78 
19 0.545 1. 18E-02 29.5 26.41 19.95 12.27 
20 0.579 1.25E-02 29.7 26.67 20.36 12.53 
21 0.615 1.33E-02 29.8 26.95 21.60 13.29 
112 
